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ABSTRACT
An AES technique has been used to Investigate oxygen adsorption at clean 
polycrystal lin e  aluminium surfaces. The adsorption process was found to 
consist of two stages: chemisorption, reached within the f ir s t  50L of 
oxygen exposure, is  followed by an oxidation stage where a surface A12O3 
lik e  oxide is  formed. Saturation coverage is  reached after 150L. From the 
adsorption p ro file , an in it ia l sticking coeffic ient of * 0.02 has been 
estimated.
In electron beam effect experiments the surface was exposed to oxygen (0 - 
1000L) and the surface irradiated with electron beams of energy 1500 eV and 
current densities of 10"3 - 10"  ^ A/cm2 for > 90 minutes. The predominant 
beam effect observed was decomposition of surface oxide, with subsequent 
desorption of oxygen via the Coulonb explosion mechanism proposed by Knotek 
and Feibelman. From the decay o f AES peak-peak heights an effective total 
desorption cross-section of 5 x 10“ ®^ cm^  has been estimated.
In SEE as studied by the total y ie ld  o versus Ep method, for the very early 
stages of oxygen coverage (< 15 L) a previously unreported small minima in 
the development of has been observed. This has been interpreted as 
mainly due to a reduction in the plasmon decay contribution to SEE via 
single electron excitations from the conduction band, and to the 
attenuation o f plasmon loss peaks as revealed in ELS. Recent theories and 
calculations on SEE by Chung and Everhart, and Rosier and Brauer have 
indicated th is  contribution to be very important.
With increased oxygen coverages (> 15L), SEE from the surface is enhanced 
for a ll Ep. This has been interpreted as due to the presence of monolayer 
thickness AI2O3 lik e  oxide which modifies the electronic band structure of
the surface resu lting In Increased effective escape depth of secondary 
electrons.
An extensive c r it ic a l review o f previous lite ra tu re  on A1 surfaces covering 
adsorption, electron beam effects and SEE studies has also been given.
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CHAPTER 1
General Introduction
Information on the electronic structure and hence physical and chemical 
properties of solid surfaces can be obtained by investigating the
scattering of electrons by the surface. In th is  thesis, the techniques of 
Auger electron spectroscopy, electron energy loss spectroscopy and 
secondary electron emission y ie ld  spectroscopy has been used to study the 
following: adsorption of oxygen on clean po lycrysta lline aluminium
surfaces; the study of electron beam interactions with clean and oxygen 
exposed surfaces leading to desorption-adsorption phenomena; and the study 
of quantitative changes in the emission of secondary electrons from these 
surfaces.
In addition to the reported experimental work, an extensive c r it ic a l review 
of the previous relevant lite ra tu re  has also been given. In the surface 
analysis techniques employed in th is work, low energy electron beams (up to 
1500 eV) have been used to bombard the sample surface and energy analysis 
of the scattered electrons made.
In AES, energy analysis of the scattered electrons enables sensitive 
physical and chemical analysis of the surface elemental composition to be 
made and give an indication of the level of oxygen presence on the surface.
In SEE, electrons that originate from the occupied states and core levels 
of the so lid , and the ir contribution to the to ta l secondary electron yie ld 
are examined, in addition to the contribution by the backscattered 
primaries. Most of the secondary electrons created inside the so lid , 
undergo multiple ine la stic  co llis ion s  before escaping over the potential
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barrier. The secondary electron generation depth Is of the order o f 100 A 
for the low energy primary electrons, but due to a short Ine lastic mean 
free path of a secondary electron (10 A) on average 1t suffers many 
co llis io n s  and escapes with a very low k inetic energy. These electrons are 
formed as a result of the so called cascade process and contribute up to 80 
% of the electrons to the to ta l y ie ld.
In ELS essentia lly, primary electrons lose d iscrete amounts of energy In 
setting up multiple co lle c tive  or single pa rtic le  excitations 1n the solid . 
These are thought to play a major role 1n SEE and th is aspect has also been 
discussed.
In chapter 2 the surface analysis technique of Auger electron spectroscopy 
1s Introduced. Its physical princip les, experimental basis, capab ilit ies 
and lim itations are a lso discussed. Other Important and supplementary 
techniques have also been b r ie f ly  described.
In chapter 3 electron beam effects Induced at clean and gas adsorbed solid 
surfaces have been Introduced. Physical and chemical changes arising from 
electronic processes that lead to desorption o f 1on1c, neutral and excited 
neutral species have been described 1n terms o f models devised by Redhead, 
Gomer and Menzel, and more recently by Knotek and Felbelman. Also indirect 
determination of ESO parameters by AES methods have also been described to 
serve as background to material reviewed In chapter 4 and experimental 
results of chapter 8.
In the f ir s t  part of chapter 4 a c r it ic a l review of the previous studies of 
adsorption of oxygen on to  aluminium surfaces as studied by AES and other 
surface analysis techniques have been made. In the second part, lite ra tu re  
on electron beam effects on clean and oxygen exposed aluminium surfaces
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have also been reviewed along with CO2 and CO exposed surfaces.
In chapter 5 the physics of SEE process Is b rie fly  described. The basic 
empirical theories and results of quantum treatments of SEE have also been 
presented though with the emphasis on the la tte r. Particu lar attention has 
been paid to the slow secondary electron d istribution curve which has been 
described by W olff's cascade theory and by more recent modifications of It 
by Inclusion o f the contribution by surface and bulk plasmons. This aspect 
Is further discussed 1n chapter 9. The applications to aluminium of these 
theories have also been presented.
In chapter 6 a c r it ic a l review of lite ra tu re  on SEE y ie ld  measurements from 
clean and oxidised surfaces of aluminium has been presented along with 
electron transmission and reflection  characteristics of A1 films as 
bombarded by keV electrons. The contribution to the total y ie ld  by the 
backscattered electrons have also been Included. Also reviewed are the few 
experimental studies 1n which the evolution of the total y ie ld  with 
oxidation was undertaken. In th is  chapter the role of SEE in electron 
stimulated desorption and decomposition has also been highlighted since 
both effects are very surface sensitive.
In chapter 7 the experimental apparatus used throughout the course of th is 
work Is described. In addition, methods of sample preparation, mounting 
and manipulation and method of oxygen exposure has been described. The 
experimental procedures 1n recording of Auger spectra and SEE y ie ld  spectra 
have also been described. Possible sources of error in measurements 
associated with each technique has been discussed.
In chapter 8 the results of some prellmenary AES experiments have been 
given followed by the results of AES spectra of adsorption of o*ygen on to
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the clean polycrystal Une aluminium surface from which the surface coverage 
could be determined. From the so formed adsorption p ro file  In it ia l 
stick ing coeffic ients for the surface was estimated. In the second part, 
the results of electron beam Irrad ia tion  experiments at various current 
densities of the monolayer oxygen exposed surfaces are also presented. The 
results have been Interpreted and discussed 1n terms of the ESD theories 
presented In chapter 3.
S im ilarly , 1n chapter 9 the resu lts o f SEE y ie ld  measurements from the 
clean and oxygen exposed polycrystal 11 ne surface are presented. In 
particu lar the evolution of the to ta l y ie ld  with In it ia l oxygen exposure 
has been Interpreted and discussed 1n terms of plasmon decay contribution 
to the slow secondary electrons, changes 1n the workfunctlon and 
backscatterlng y ie ld .
F ina lly , 1n chapter 10 a summary and conclusion of the experimental results 
have been presented together with recommendations for further experiments 
and Improvements to the apparatus.
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CHAPTER TWO
AUGER ELECTRON SPECTROSCOPY AID OTHER SURFACE ANALYSIS TECHNIQUES
2.1 Introduction
The basic princip le of surface analysis Is that the surface of a so lid  
which consists of the top few atomic layers, receives an external stimulus 
by a source and the response yie lds Information about the nature of the 
surface. The external stimuli can be partic les of low enough energy so 
that only the surface 1s probed. These partic les can be e ither charged or 
neutral, Ions or atoms. Ionising radiation e.g. x-rays and u ltra -v io le t 
radiation are also widely used. Thermal radiation or d irect res istive  
heating Is also a useful stimulant.
The surface response Is by ejection of electrons, Ions, neutral atoms, 
photons etc. as Illustrated in Fig. 2.1. These are energy analysed by a 
suitable detector. Each method has Its particu lar merits and when used in 
conjunction 1n the same apparatus different and complementary information 
Is gathered about an aspect of the surface. In th is work, Auger electron 
spectroscopy (AES) has been used to monitor the surface cleanliness of the 
sample and to follow the adsorption of oxygen and subsequent oxidation of 
the surface. In addition electron beam effects have also been investigated 
using AES.
Because of Its Importance 1n th is  work, the purpose of th is chapter 1s to 
describe the technique of AES, it s  physical principles, experimental basis, 
capab ilit ie s  and lim itations. B rie f descriptions of other popular surface 
analysis techniques w ill also be described.
Stimuli Response
Electrons
Ions
Atoms
Photons
Electrons
Photons
Ions
Atoms
Metastables
surface
sample
Flg. 2.1 Various means of surface excitation and responses.
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2.2 Auger Electron Spectroscopy
Auger electron spectroscopy Is a very powerful analytical technique where 
the Incoming exciting radiation Is normally a fine ly focussed primary beam 
o f monochromatic electrons of k inetic  energy 1-5 keV. Among the ejected 
electrons making up the energy d istribu tion  curve are the so called Auger 
electrons which have resulted due to Auger processes whereby the energy of 
a de-exc1t1ng atom Is carried o ff by a second electron. Hence energy 
analysis of the ejected electrons by a suitable electron spectrometer helps 
Identify the Auger electrons. But the energy d istribution curve N(E) 
contains much more Information other than just on Auger electrons.
A typical secondary electron d istribu tion  energy curve Is distinguishable 
by three major features as shown In Fig. 2.2.
Region 1 consists of a sharp peak made up of e la s t ic a lly  scattered primary 
electrons at energy Ep. The e la s tic  peak contains Information about the 
surface structure and 1s used in LEED and HREED (see section 2.3.3). In 
AES work the e lastic  peak 1s also used to align and optimise the electron 
spectrometer and used as zero-point energy for referencing the energy-loss 
peaks. These also occur in region 1 and normally accompany the e lastic  
peak on the low energy shoulder and represent primary electrons which have 
lo s t a discrete amount 1n exciting plasmons which are co llective  
o sc illa tion s  of the valence electrons with respect to the Ionic cores (see 
also section 2.3.2).
Region 2 1s made up of a large number of slow electrons, the so called true 
secondaries. These are produced as a result of a cascade process whereby 
primaries In co llis io n  with atoms produce secondary electrons, these In 
turn create more secondaries with ever decreasing energy. The maximum of
N(
E)
Fig. 2.2 Energy d istribu tion  of secondary electrons.
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th is  broad peak occurs several electron vo lts above the vacuum level and 
has a fu ll width at ha lf maximum of less than 10 eV and Is largely
independent of the primary energy. Electron spectrometers with high 
resolution may show fine  structure superimposed on the slow secondary peak 
which are thought to be largely due to single electron transitions via
decay of plasmons or Auger processes from the valence bands (see section
5.2.4).
Region 3 consists of a re la tive ly  f la t  background due to Ine lastlca lly
backscattered primary electrons and Auger features. The position of the 
Auger features are Independent of primary energy. Essentia lly  AES 1s based 
on the detection and enhancement of these small d iscrete energy features 
re la t ive  to the Ine lastic background and consequently requires sensitive 
analysis.
2.2.1 Physics of the Auger Process
The Auger effect was f i r s t  discovered and Identified by P ierre Auger In 
1925 while Investigating the photo-electric effect of argon atoms using a 
Wilson Cloud chamber. Auger observed the simultaneous ejection of a pair 
o f electrons from certain argon atoms. He correctly Identified one of 
these electrons to be a photo-electron and the other to be due to a 
rad iation less transition  1n an ionised atom 1n which the atom de-exc1tes to 
a state of low energy and ejects an electron to carry o ff the energy 
difference leaving the atom doubly Ionised. This phenomenon Is known as 
the Auger process and 1s 1n d irect competition with the x-ray fluorescence 
e ffe c t.
Inner shell Ionisation 1n atoms can also be created by electron bombardment 
and Lander (1953) was one of the f i r s t  to have observed Auger electrons
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emitted by a so lid  under electron bombardment. The de-exdtatlon events 
leading to an emission of an Auger electron 1s best described with the aid 
of a series of energy level diagrams as shown In F1g. 2.3.
Fig. 2.3(a) represents a sim plified energy level diagram fo r a so lid  where 
the K and L sub-shells retain the ir atomic character. Incoming ion is ing 
radiation which can be an x-ray or an electron (even energetic ions) ejects 
an electron from the K shell thereby creating a vacancy. From th is  point 
the atom can de-exclte 1n two ways, e ither through a fluorescence process 
or the Auger process. F1g. 2.3(b) I llu s tra te s  the former. In the f i r s t  
step of the de-exc1tat1on an L3 electron drops Into the K-shell vacancy 
leaving a subsequent hole In the L-j shell with a simultaneous emission of 
an x-ray quantum, it s  frequency corresponding to the difference 1n the 
energy leve ls of the K sub-shell and L3 sub-shell. In th is  case the 
emitted x-ray radiation 1s Kal. Typically the atom can de-exclte 1n th is  
way un til the hole eventually travels to the outermost least negative 
energy level and 1s f i l le d  by an electron from the valence band or by the 
o rig ina l K electron.
F ig. 2.3(c) il lu s tra te s  the subsequent steps leading to the ejection of an 
Auger electron. The K-shell vacancy 1s f i l le d  by an 1_2 electron and excess 
energy is  removed by the ejection of an electron from the Lj le ve l. I f 
th is  atom 1s near the surface, then the Auger electron can escape Into the 
vacuum without loss of energy. This electron Is labelled as a KLgLj Auger 
electron and Is characteristic  of the energy levels of the de-excitlng 
atom. I f th is  electron can be detected and Its energy determined, then the 
Identity of the emitting atom can accurately be established. Hydrogen and 
helium cannot de-exc1te via the Auger process since the ir atomic numbers 
are less than 3. For lith ium , Auger relaxation can only occur 1n the so lid
state
incoming
electron VL
a)
Ì0 electron
fills K-shell 
vacancy
l_2 electron
fills K-shell 
vacancy
b)
0
k l 2l3
Auger
electron
Fig. 2.3 Core-hole creation and de-excitation (a) Ionisation process, 
creation o f K-shell vacancy, (b) De-excitation process, via 
x-ray fluorescence and emission of Ko^  x-ray radiation.
(c) De-exc1tat1on via the Auger process ejection of a KLgLj 
Auger electron.
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Another type of Auger de-exc1tat1on process 1s the Coster-Kronig 
transitions where the I n it ia l ly  created hole Is f i l le d  by an electron of 
the same shell and a super Coster-Kronig transition  where a ll three 
electrons are from the same sh e ll, though the probab ility  of th is process 
occurlng 1s quite low.
2.2.1.1 Various Aspects of the Auger Process
Auger electron peak shapes and energy positions are determined by various 
inherent physical events, such as, doubly Ionised in i t ia l  states, multiplet 
sp lit t in g  and multiple exc itations, Coster-Kronig and cross-over or 
Interatomic transitions and life t im e  effects. For the work presented In 
th is  thesis the cross-over transitions are most important since the orig in 
of some of the observed Auger peaks can only be explained by th is  concept 
and th e ir  appearance thus can confirm the existence of a specific  molecule. 
In addition atoms 1n compounds which have been Involved in such 
transitions, 1n the ir f in a l state, lead to desorption effects as proposed 
by Knotek and Feibelman (1978).
Cross-over or Interatomic Auger transitions may arise 1n neighbouring atoms 
of ion ic metal oxides of AI2O3, BeO, MgO, TIOg etc. which a ll are maximal 
valence compounds. For example in  AI2O3, core holes can be created either 
on the A1 or 0 atoms. These holes may be f i l le d  by electrons from the 
modified valence band leve ls of 0(2p) with subsequent emission of Auger 
electrons. These electrons are then approximately labelled as I^VqVq, to 
Indicate that the emitted Auger electrons have originated from the valence 
band of oxygen. This was demonstrated fo r AI2O3 by Qulnto and Robertson 
(1971).
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In th is cross-over transition, a minimum of two electrons were removed from 
the oxygen atom. But In some, more complicated cases of Auger 
de-excitation, up to four or f iv e  electrons may be removed which can leave 
the atom singly, doubly or t r ip ly  Ionised. Knotek and Felbelman have 
proposed that th is mechanism may lead to desorption or decomposition of the 
compound, via Coulomb repulsion of the neighbouring Ionic cores. This 
desorption mechanism Is further discussed In section 3.2.3.
2.2.1.2 Estimating the Energy of an Auger Electron
The k inetic energy of the EKL2L3 Auger electron Illu stra ted  in Fig. 2.3(c) 
can very simply be approximately estimated by use of the expression
eKL2L3 = EK '  EL2 " EL3 ...(2 .1)
where EK 1s the binding energy o f the electron 1n the K sub-shell. EL2 and 
El3 are the binding energies o f the L2 and l_3 sub-shells respectively. 
Reliable data on the binding energies of electrons are to be found In the 
results o f Bearden and Burr (1967) and Selgbahn e t.a l. (1967) as carried 
out by the technique of Electron Spectroscopy for Chemical Analysis (ESCA) 
which 1s b r ie fly  described 1n section 2.3.1 of th is chapter.
The expression 2.1 y ie lds only a crude estimate of the k inetic  energy and 
needs to be modified 1n order to account for the Increase 1n the binding 
energy values due to the I n it ia l and subsequent creation of core holes. 
The expression used by Burhop (1952) p a rt ia lly  allows for th is effect and 
Is reproduced below.
EWXy * EyU) -  Ev(Z) -  Ey(Z+l) . . . ( 2. 2)
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where EWXy 1s the k inetic  energy o f the ejected electron. Ey(Z) Is the 
binding energy of W core of atom o f atomic number Z. S im ilarly  Ex(Z) 1s 
the binding energy of X core of atom of atomic number Z. And Ey(Z+l) 1s
the binding energy of the Y core leve l of atom of atomic number (Z+l).
A more accurate expression has been developed by Chung and Jenkins (1970) 
who modified expression 2.2 by taking the mean of the binding energies X, Y 
corresponding to atomic numbers Z and Z+l l.e .
EWXY(Z) " EW(Z) - 0.5 [ EX(Z) + EX(Z+1) + Ey(Z) + Ey(Z+l) ] ...(2 .3 )
Tabulated numerical resu lts of elements using expression 2.3 have been
prepared by Coghland and Clausing (1973). This expression 1s accurate to
w ithin several electron volts o f observed Auger electron energies.
Expressions dealing with Auger electrons emanating from the conduction and 
valence bands have been developed by Coad and R iviere (1971). And these 
are given below.
EwxvU) = EW(Z) - 0.5 [ EX(Z) + EX(Z+1) ] - Ev(Metal) ...(2 .4 )
EWVV(Z) = EW(Z) - 2Ev(Metal) ...(2 .5 )
where Ey(metal) 1s the most prominent conduction band energy measured with 
respect to the vacuum leve l.
As mentioned ea rlie r , when atoms are bombarded by an energetic (100 - 3000
eV) primary source of electrons the subsequent de-excitation can lead to
the fluorescence process where photons, or the Auger process where
electrons are emitted. For atoms with low atomic number Z ( « 14) where 
the In it ia l vacancy has been created In the K shell the dominant
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de-excitation is  via the Auger process (Bishop and R iviere 1969), and the 
ejected Auger electrons are due to KLL transitions. Whereas In the high Z 
atoms, the major de-exc1tat1on Is via the fluoroscence process and Auger 
electrons are mainly MNN transitions.
The cross-section for creation of Auger electrons o f a particu la r 
transition  1s greater for electrons than for x-ray photons of comparable 
energy. This cross-section also depends on the energy of the impacting 
electron beam and Increases linearly  with electron energy until 1t  levels 
o f f  at about four times the energy of the core le ve l, where the orig ina l 
Ionisation 1s caused. The Auger electron y ie ld  is  also maximised I f  the 
Impacting electron beam 1s at grazing Incidence with respect to the so lid  
surface.
2.2.1.3 Escape Depth of Auger Electrons
The escape depth of Auger electrons depends on the mean free path \ ( l.e .  
average distance an electron travels without suffering a co llis io n  and 
generally losing energy Inside the solid) which In turn is  k inetic energy 
dependent. Fig. 2.4 illu s tra te s  the k inetic energy dependence of the mean 
free path of Auger electrons for various materials as compiled by Seah and 
Dench (1979). As can be seen the mean free path o f 50-100 eV electrons 1s 
around 5 A and rises to about 15 A for 1000 eV electrons. For very low 
energy electrons the MFP 1s of the order of 100 A.
Of the electrons that leave the surface ~ 95% orig inate from a depth o f ~ 
45 A. The kinetic energy of Auger electrons normally l ie  1n the range 30 - 
1000 eV and the overall sampling depth from which Auger electrons escape 
lie s  1n th is  45 A MFP range ( ~ 3A ). This Indicates that Auger 
spectroscopy 1s very much a surface analytical technique.
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Fig. 2.4 Mean free path versus electron k inetic  energy (Seah and Dench
1979).
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2.2.2 Surface Analysis with Auger Electron Spectroscopy
From the foregoing It Is clear that AES provides a means of probing 
surfaces. Elements present on a surface can be Identified from very 
accurate spectra of electron energies and the prediction of Auger electron 
energies made by use of the semi-empirical expressions make the task of 
Iden tifica tion  of unknown elements easier. Tables of Auger electron data 
have been published on v ir tu a lly  a ll the elements by Coghland and Clausing 
(1973 ), Davis e t.a l. (1976) and McGuire and Seah (1979) and more 
recently by Wagner (1983).
N(E) spectra of Auger electrons normally s it  on a very high background of 
1nelast1cally scattered slow secondary electrons (see Fig. 2.2). The 
exact location of the energy at the maximum of these peaks Is rather 
d if f ic u lt  to determine with accuracy, because of the Inherent width. One 
o f the most popular ways of enhancing th is  maximum and at the same time 
removing the high background is  to e lectron ica lly  d ifferentiate the N(E) 
d is tribu tion  with respect to energy so that dN(E)/dE of N(E) is  formed. By 
convention, the Auger electron energy Is measured at the negative going 
peak on the higher energy side of the energy scale.
One of the ea rlie s t applications of Auger electron spectroscopy was 1n the 
area o f qua lita tive  surface compositional analysis for the purpose of 
determining the extent of surface cleanliness. Surfaces previously thought 
to be free from contaminants were shown to contain traces of carbon, 
oxygen, sulphur and other contaminants. Thus experiments In which results 
depended very much on the cleanliness of the surface were proven to be 
unreliable and Inaccurate.
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AES also y ie lds quantitative Information on the re la tive  concentration of 
elements I f re la tive  Auger se n s it iv ity  factors are known. The Intensity of 
the d ifferentiated Auger signal 1s measured 1n terms of the peak-peak 
height (PPH) and th is  has been shown to be d ire c tly  proportional to the 
concentration of the element 1n the region of the escape depth.
Quartz crystal o s c illa to r  and optica l elUpsometry techniques (Vrakking and 
Mayer 1971) which are widely used In the accurate measurement of thin film  
thickness, have been used to confirm the proportionality (Habraken e t.a l. 
1977). Since the Intensity of the d ifferentia ted Auger signal depends on 
the shape of the signal In the N(E) d is tr ibu tion , 1t Is assumed th is  does 
not change during the experiment. Otherwise the area under the Auger peak 
on the N(E) d is tribu tion  gives a better measure of the elemental 
concentration.
Specimens with a standard Auger signal have been successfully used in order 
to obtain a quantitative measure of adsorbed layers. However th is  
technique has various shortcomings in that adsorbed layers form 
inhomogeneously and there are d if f ic u lt ie s  in producing reference standards 
(Gallon 1978).
One feature of the Auger process which can be used In quantitative analysis 
is  the sh ift  1n the Auger electron energy that resu lts when the emitting 
atoms have been chemically reacted with neighbouring foreign atoms. The 
Auger electron energy peak sh ifts  arise 1n the following manner when for 
example a metal 1s reacted with oxygen to form an Ionic bond. Since a 
transfer of electrons to the cation has occurred, the core levels of the 
anion w ill be sh ifted to greater binding energies. This e ffective ly  lowers 
the Auger electron energy. In metal oxides th is  sh ift  can amount to as 
much as 13 eV as 1n aluminium oxide (see section 2.2.1.1 on Auger cross
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transitions).
Auger peak changes 1n line  shape and 1n energy can help to Identify the 
chemical state of species present on the surface, but th is process can be a 
l i t t l e  complex since Auger electron spectra energy sh ifts come about as a 
resu lt of sh ifts  In three electronic leve ls . This renders Interpretation
of spectra rather d if f ic u lt .  Haas, Grant and Dooley (1972) have shown that
carbon exhib its d is t in c t types of Auger spectra when In d ifferent chemical 
environments e.g. CO on W, metal carbide, graphite and diomond.
2.2.3 Experimental Aspects of AES
In order to record the Auger electron spectrum o f a given sample an
excitation source (electron gun), an appropriate sample analysis chamber, 
an electron energy analyser, an electron detection system and appropriate 
recording and control electronics are required. F1g. 2.5 shows a typical 
AES block diagram.
F irs t  of a ll u ltra  high vacuum (UHV) is  necessary though not absolutely
essential In a sample analysis chamber fo r carrying out AES. But In order 
to increase filament l i f e ,  accelerate electrons from the source on to the 
sample and perform energy analysis without encountering residual gas atoms 
and maintaining a clean sample surface fo r long periods a chamber pressure 
less than 10"® Pa 1s required and th is  pressure nowadays 1s routinely 
achieved with a variety of e ff ic ie n t pumps within several days.
F irs t  Auger electron spectra 1n the N(E) versus E mode was recorded by use 
o f low energy electron d iffraction  (LEED) apparatus (see section 2.3.3). A 
s lig h t modification o f the LEED apparatus enabled energy analysis of the 
ejected electrons from the sample to be made. A diagram of th is so called
r
I
I
Fig. 2.5 Block diagram representation of an experimental AES system.
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retarding grid analyser or retarding fie ld  analyser Is shown 1n Fig. 2.6. 
I t consists of 4 transparent hemispherical grids and a so lid  co lle cto r (for 
LEED applications th is  forms the screen, which Is coated with a fluorescent 
m aterial).
The sample together with the Inner and outer grids are maintained at ground 
potential to provide a f ie ld  free region and the Inner two grids are 
connected to a retarding negative potentia l. Ejected electrons would have 
to surmount th is  In order to reach the co lle cto r, which 1s maintained at a 
positive potential to prevent creation of more secondary electrons by the 
returning secondaries. In th is  configuration the RFA acts as a high pass 
f i l t e r  with a 180* acceptance angle and the collected current is  d irectly  
proportional to the Integral of the N(E) versus E curve.
With the RFA 1t was realised that the Auger signals could be easily 
enhanced by taking the d iffe ren tia l o f the energy d is tribu tion  I.e. 
dN(E)/dE (see F1g. 2.7) by superimposing a small sinusoidal a.c. voltage 
on to the retarding grid and detecting the second harmonic with a 
lock-1n-am plifier (see Fig. 2.6). Though th is also Improves the signal to 
background ra tio , 1t  tends to degrade the signal to noise figure of the 
analyser.
These two parameters are very important and the desire to improve the two 
have led to the use of d ifferent types of energy analysers. The most 
popular and widely used are the cy lin d r ica l mirror analyser (CMA) and the 
hemispherical sector analyser (HSA). In th is  work an RFA has been used and 
1t Is further described In chapter 7. The RFA has Inherent advantages when 
used to record secondary electron y ie ld  plots.
Position of
Fig. 2.6 Diagram of a 4-qrid retarding fie ld  analyser
Fig. 2.7 N(Ei of the CKLL Auger peak and it s  derivative 1.e. dN(E)/dE. 
(R iviere 1983).
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In Fig. 2.8 Is shown a schematic diagram of a CMA with Its associated 
Instrumentation. Ejected electrons enter the analyser at an angle of 42* 
and the applied voltage ramp between the Inner and outer cylinders cause 
the electrons to reverse the ir radial momenta. Electrons with the correct 
energy arrive at the electron detector which Is an electron m u ltip lie r with 
the resu lt that the signal Is further amplified. The CMA 1s a band pass 
analyser and the output of the detector 1s d ire c tly  proportional to the 
EN(E). In order to obtain the derivative of th is , only the f is t  harmonic 
of the a.c. signal need be detected with the lock-ln-ampl 1f 1er.
2.2.3.1 Scanning Auger Microprobe
An extentlon of the technique of AES which Is now widely available with a ll 
commercial instruments 1s the scanning Auger microprobe (SAM), with which 
Auger Images of the sample surface can be obtained (as well as secondary 
electron Images with a suitable secondary electron detector). SAM 1s 
rea lly  a scanning electron microscope combined with an electron energy 
analyser, normally a CMA or an HSA. An element map o f the surface Is 
obtained by tuning to the element's particu lar Auger peak energy and 
scanning the surface with a high energy (5-15keV), low current (yA - nA) 
primary electron beam focussed Into a 100 nm spot. Bright areas on the 
te lev is ion  Image normally correspond to a large concentration of the 
element. Also by use of the secondary electron image SAM can be operated 
1n the s ta t ic  mode by placing the electron spot on to any point of Interest 
on the surface and perform AES. Best spatial resolution that can be 
obtained with SAM 1s of the order of 0.2 un one of the lim iting  factors 
being the signal to noise ra tio .
2.2.3.2 Depth Profiling with AES
Fig. 2.8 Schematic diagram of a CMA based AES system (Seah and Briggs
1983)
It Is also possible to carry out compositional analysis of thin films while 
sputtering with noble gas atoms. A fin e ly  focussed argon 1on beam Is 
scanned across the sample surface fo r pre-determ1ned periods and Auger 
spectra recorded. A knowledge of sputtering rate, gives a concentration 
versus depth graph otherwise known as a depth p ro file .
2.3 Some Other Important Surface Analysis Techniques
AES has proven to be a very popular surface analysis technique but there 
are a number of other relevant techniques based on sim ilar surface analysis 
princ ip les 1.e. e lectron, photon and 1on stimulation sources, as
Introduced at the beginning of th is chapter. In th is  section these w ill be 
Introduced with emphasis on more relevant techniques to th is  work.
2.3.1 Photo-electron Spectroscopy
In photo-electron spectroscopy, the stimulating excitation consists of soft 
x-ray radiation and u ltra -v io le t photons which cause the emission of 
photo-electrons via absorption and e la s t ic  scattering processes 1n the 
atoms. The photo-electron energies (the k inetic  energy of the 
photo-electron 1s approximately equal to the energy of the Incident photon 
minus the binding energy of the electron 1n the atom) when analysed by a 
suitable energy analyser normally a CMA or an HSA, y ie ld  accurate 
information on the core level binding energies and the ir chemical sh ifts , 
which help Identify the emitting atoms as well as the ir chemical 
environment or state.
This technique 1s known as x-ray photo-electron spectroscopy (XPS) but Is 
also commonly known by the acronym ESCA (electron spectroscopy for chemical 
analysis) which was coined by Ka1 Selgbahn who o r ig in a lly  pioneered the
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technique. U ltra -v io le t photo-electron spectroscopy Is another aspect of 
the technique where the photon energies 1n the range 20 - 40 eV are used to 
study the valence band structure o f materials.
More recently synchrotron rad iation source (radiation emitted by 
accelerated electrons In a storage ring) have provided by use of 
appropriate monochromators, a continuously variable photon energy source 
for photo-electron spectroscopy. One Ideal application of th is source Is 
In the study o f local structure and short range order from the fine 
structure observed on the high energy side of x-ray absorption edges of 
materials. This technique Is known as extended x-ray absorption fine 
structure spectroscopy (EXAFS). I t  has also been used successfully to 
study adsorption geometries of gases on metal surfaces and hence estimate 
bond lengths, where the technique 1s known as surface EXAFS or S-EXAFS 
(Bianconl 1980).
The mean free path X versus k in e tic  energy shown In F1g. 2.4 equally 
applies to photo-electrons generated by XPS, Indicating that the technique 
Indeed is  also a surface analytica l tool 1n the same league as AES. In 
fact successful Auger electron spectra was obtained for the f i r s t  time by 
Selgbahn (1967) d ire c tly  on XPS spectra where the Auger signals appeared as 
extra features. XPS and AES, are the two most widely employed surface 
analytical techniques In surface studies and the two techniques give 
complementary Information about the surfaces under Investigation. Almost 
a l l commercial surface analysis systems nowadays have both techniques as 
standard.
2.3.2 Electron Energy Loss Spectroscopy (EELS)
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Electron energy loss spectroscopy 1s based on the energy analysis of 
quasl-elastlcally reflected electrons In the energy range 2 - 50 eV from 
electron or photon excited so lid surfaces. E la s tica lly  scattered electrons 
emerging from the surface can lose specific amounts o f energy after 
Interactions with the electron gas which Is capable of being excited Into 
quantised o sc illa tion s called plasaons. Plasmon losses which are one of the 
main loss features 1n ELS move along the energy scale as the primary 
electron energy Ep 1s varied and hence are measured a spec ific  distance 
from the e lastic  peak as described 1n section 2.2 and shown 1n Fig. 2.2.
Bulk plasmons are due to three dimensional characteristic co llective  
o sc illa tion s wg, o f the electron gas density, and therefore require a 
characteristic amount of k inetic  energy to be excited. From a 
consideration of c la ss ica l d ie le c tr ic  theory 1t can be shown that the 
characteristic bulk plasmon frequency Is given by ug = (n e2/e m) 1/ 2 where 
n 1s the electron gas density, e Is the electronic unit of charge, e 1s the 
s ta t ic  d ie le c tr ic  constant and m 1s the electron rest mass. Hence the 
quantised bulk plasmon energy 1s flog (for A1 Hug = 15 eV).
Surface plasmons are due to 2 dimensional characteristic o sc illa t io n s  u$, 
loca lised to the surface and shown to be equal to wg/Cl+e) 1/ 2 where e = 1 
so that uj Is wg//2. Hence the surface plasmon loss energy fo r aluminium 
Is equal to -  10 eV. A thorough theoretical treatment of the plasmon 
theory has been given by Pines (1963) and experimental work developed 
mainly by Raether (1980). Emergent primary electrons can create multiples 
o f surface and bulk plasmons. Their re la tive  Intensities depend on the 
primary electron energy and angle of Incidence. For low primary electron 
energies the surface plasmon Intensity Is dominant and Is very sensitive to 
the presence of adsorbates on the surface.
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Plasmons are thought to play a very Important ro le 1n the phenomenon of 
secondary electron emission In the nearly free electron metals such as A1 
and Mg. A major contribution to slow secondary electron emission arises 
from the decay o f these plasmons Into single pa rtic le  excitations via 
d irect Interband transitions from the conduction band. This aspect of the 
property of plasmons w ill be discussed further 1n sections 4.2.3, 5.2.4 and 
6.2.3.
EELS has become quite popular, because It can be performed on existing 
ordinary spectrometers. EL spectra can be plotted d ire c tly  1n the N(E) or 
dN(E)/dE modes depending on the application and type of energy analyser 
used. In th is work ELS spectra have been recorded using the la t te r  mode of 
recording. To date the main research studies have concentrated on the 
iden tifica tion  of various loss events by measurement of the loss energy and 
subsequent building of theoretical models of the surface. Recently 
quantitative analysis work with ELS has also been carried out (Margonlnski 
1982).
2.3.3 Low Energy Electron Diffraction (LEED)
This technique employs the d iffra c tion  effect of electrons as discovered by 
Davisson and Germer (1927). Since the penetration depth of low energy 
electrons (10 - 800 eV) Is of the order of several atomic layers, 
d iffra c tion  patterns that arise give Information about the geometrical 
structure of single crystal surfaces. LEED has been widely used in the 
study of adsorption o f various gases on clean single crystal surfaces. The 
framework for evaluating the surface structure 1s very s im ilar to three 
dimensional bulk structure determination by x-rays.
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Several notation schemes have been adopted to describe adsorption 
geometries based on the substrate unit c e ll.  A typ ica l notation example Is 
N1 (110)c(2x2)-0 where the substrate Is a s ing le  crystal of nickel of 
orientation (110) normal to the Incident electron beam with an oxygen 
overlayer and centered mesh, 2x2 being the ra t io  of surface to substrate 
mesh.
In LEED 1t 1s the e la s t ic a lly  scattered electrons (region 1 of the N(E) 
d is tribu tion  as discussed In section 2.2 and shown in F1g. 2.2) that give 
r ise  to the d iffra c t io n  spot patterns. A negative potential placed just 
below the e la s t ic  peak energy prevents the Ine lastlca lly  reflected 
electrons from reaching the phosphor coated screen. Infact a standard LEED 
Instrumentation a fte r s ligh t modification was f i r s t  used to obtain 
d ifferentia ted Auger spectra by Weber and Perla (1967). This w ill be 
discussed 1n greater depth In section 7.2.1.
2.3.4 Secondary Ion Mass Spectrometry (SIMS)
Secondary 1on mass spectroscopy (SIMS) is  based on the fast Ion bombardment 
of so lid  surfaces and subsequent mass analysis of ejected partic les. Noble 
gases such as Ar, Ne, He and even reactive gases Og and N2 are Ionised and 
focussed into a very fine beam (typ ica lly  4 keV, 160 nA Into 100 ym ) by an 
1on gun and 1s Incident on a sample. Substrate atoms as well as adsorbed 
species after ejection (neutrals and Ions) are detected by a very sensitive 
quadrupole mass spectrometer and electron m u ltip lie r. Surface sen s it iv ity  
1s of the order of 10"® of a monolayer l.e . 10® atoms/cm2 (Benninghoven 
and Loebach 1971 and McHugh 1975).
A new 1on source 1s the liqu id  metal Ion gun where a low melting point 
metal Is allowed to wet the t ip  of a very fine needle from which metal Ions
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are pulled away by fie ld  emission and focussed Into a very small spot. 
This allows SIMS Imaging with spatial resolution surpassing that of SAM 
(R iv iere 1983).
2.3.5 Ion Scattering Spectroscopy (ISS)
In th is  technique the surface Is bombarded by energetic ligh t Ions of H+ 
and He+ and subsequent change In the ir k inetic energy after Inelastic 
scattering Is measured by an energy analyser. CMA or HSA operated with 
pos itive  scanning potentials accomplishes th is task. The amount o f energy 
change gives Information about the Identity and atomic mass of the
scattering substrate atoms as well as adsorbed species (Smith 1971 and Buck
1975).
2.3.6 Changes 1n the Work Function (a*)
The work function * of a so lid  Is normally defined 1n terms of a surface 
potential barrier preventing the electrons from s p il l in g  out Into vacuum 
(1n a metal the work function Is measured from top o f the Fermi level to 
the vacuum leve l). As the de fin it ion  implies, the work function plays an 
important ro le 1n thermionic emission of electrons, contact potential 
between so lids, emission of electrons In the presence o f very high e le c tr ic  
potentia ls and bonding of adsorbates to a surface.
The work function of metals is  normally of the order of several electron 
vo lts and Is a function o f crystal face orientation. When an
electronegative element (a f f in ity  for electrons) Is adsorbed on to a metal 
surface the work function o f the metal 1s Increased because of the
a ttraction  o f electrons from the metal to the adatom. On the other hand 
adsorption of an e lectropositive element causes a decrease In the work
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function. Variation of work function with d iffe rent types of adsorbed 
gases has been discussed by Somorjal (1972). Adams and Germer (1971) have 
demonstrated that there Is a direct corre la tion  between work function 
change A# of a metal and quantity of adsorbed species.
Measurement of the absolute work function 1s rather d if f ic u lt ,  but 
monitoring a ® Is a lo t easier by using a constant potential difference CPD, 
or v ib rating  reed capacitance methods described by Prutton (1975).
2.3.7 Electron Stimulated Desorption
This surface analysis technique 1s based on the fact that when an adsorbate 
covered so lid  surface 1s subjected to low energy electron bombardment, 
ion ic , neutral and excited neutral species are caused to desorb from the 
surface. The desorbed species are d ire c tly  monitored by use of sensitive 
mass spectrometers and energy analysers. The method Is Ideal for the 
Investigation of bonding of gases on to metal surfaces. Some aspects of 
th is  method has been discussed in the next chapter.
2.4 Conclusions
Auger electron spectroscopy 1s a well established and widely employed 
surface analysis technique. In th is  chapter Its basic princip les has been 
Introduced and shown how i t  could be used to characterise and Investigate 
the surfaces of so lid s. In th is  work AES was used to follow the oxygen 
coverage and subsequent oxidation of aluminium surfaces. Other Important 
surface analysis techniques have also been b r ie f ly  described and shown to 
complement AES and each other 1n applications.
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In the next chapter the physical and chemical effects of electron beam 
bombardment of solid surfaces w il l be described.
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CHAPTER THREE
ELECTRON BEAM EFFECTS
3.1 Introduction
A clean or gas adsorbed so lid surface when subjected to electron beam 
bombardment can give rise  to physical and chemical changes on the surface 
and bulk layers o f the so lid . These changes arise, due to various 
e lectronic excitation processes which cause dissociation or desorption o f 
Ionic and neutral surface species. In some cases, residual gases present 
1n the analysis chamber can be Induced to adsorb on the sample surface.
With more energetic electron beams, e lectron ic excitation of the deep ly ing 
bulk atoms w ill cause Ionisation, defect production and colour centre 
formation and d iffus ion . In Insulators electron beam bombardment w il l 
Induce charge accumulations which w ill lead to fie ld  enhanced migration o f 
Ions. In the case o f very Intense beams, thermal effects w ill also arise , 
leading to the desorption of weakly adsorbed surface species, annealing and 
segregation of Impurities. A general review of the above type of beam 
effects has been given by Pantano and Madey (1981).
For metals the e lectron ic excitation processes of electron stimulated 
desorption (ESD), electron beam Induced decomposition (EBID) and electron 
stimulated adsorption (ESA) are most Important and are In d irec t 
competition with Auger processes. A schematic I llu stra tion  of the physical 
and chemical effects of electron beam Irrad iation of solid surfaces Is 
shown 1n Fig. 3.1.
Fig. 3.1 Physical and chemical changes Induced at a so lid  surface 
by electron Impact via electronic processes.
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In th is chapter, these electron beam Induced processes w ill be discussed. 
In pa rticu la r the mechanism of ESD and a b rie f Introduction of Its theory 
as developed by Redhead, Menzel and Gomer. Also the methods of evaluation 
o f experimental ESD data w ill be Introduced so that ESD parameters can be 
determined by AES. Since some of these beam effects may be undesirable 1n 
quantitative AES measurements, expressions In terms of beam parameters w ill 
be given to define various threshold and c r it ic a l electron beam doses, In 
order to minimise beam damage to the surface under Investigation.
3.2 Electron Stimulated Desorption (ESD)
Electron stimulated desorption processes In general are viewed as a two 
step process whereby the surface adsorbate, suffers electronic transitions 
Induced by the Impacting electrons, followed by e ither the escape of Ions 
or de-exc1tat1on and recapture by the surface. Electrons with energy 10 - 
40 eV can cause valence electron excitations and Ionisation of shallow core 
leve ls. Desorption of partic les w ill occur 1f there Is repulsive 
Interaction between the excited partic les and the surface. In addition 
Ionic species, neutral and metastables are also emitted.
With electron energies approaching core levels of atoms, enhanced emission 
of adsorbate fragments Is observed. Here for example the mechanism of 
emission 1s that of Coulomb repulsion, whereby creation of a core hole on 
the oxygen atom, leads via Auger decay to a two hole fina l state C+ 0+ for 
CO on W. The Coulomb repulsion desorption mechanism 1s operable In both 
lo n lca lly  and covalently bonded systems as proposed by Knotek and Felbelman 
(1978).
3.2.1 Measurauent of ESD Parameters
- 28 - Ch.3
ESD products, can be monitored e ither by d irect or Indirect methods. The 
direct methods, Involve the measurement of partic le  current, mass and 
charge state and angular dependence using sensitive mass spectrometers or 
use of energy analysers.
The Indirect methods Involve the monitoring of a surface parameter that 
depends on the surface composition, such as AES peak-peak heights and work 
function change a* measurements as a function of surface coverage. Both 
the d irect and Indirect methods give an Indication of the type of 
desorption mechanisms taking place on the surface. Desorption mechanisms 
have been observed to occur 1n Isolation and can be described by f ir s t  
order re lations where the rate o f desorption of a particu lar adsorbate Is 
proportional to the number of Incident electrons per unit area, and time or 
electron flux . This re lationship 1s given as follows:
where Nj is  the desorbed adsorbate In state 1, 1s the constant of 
proportionality defined as the total cross section for desorption of 
species 1 (th is can further be sp lit  Into contributions of different 
desorbing species and other processes) J is  the electron current density 
( Ie/A) per unit time Incident on the sample. Further Ie, 1s the Incident 
electron current, A Is the Irradiated area and e 1s the electronic charge.
Solution of eq. 3.1 gives
-dN^/dt * Qi (J/e) N1 (3.1)
N1(t) - N1 (0) exp -[ (J/e) ] ...(3 .2)
or
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N i(t) « Ni(0) exp -[ (Ie/Ae) Q1 t ]
. . . (3.3)
where N^O) 1s the In it ia l coverage of adsorbate 1n state 1. Ni (t) 1s the 
coverage at time t of electron bombardment.
Experimentally, J would be made large enough to change Nj(0) s ign ifican tly  
so that the time constant (e/JQj) can be measured to calculate the total 
desorption cross-section. In any experiment direct measurement of ( t ) Is 
not s t r ic t ly  necessary, any quantity that Is d ire c tly  proportional to It 
e.g. AES peak-peak heights w ill do as Indeed has been done 1n th is work. 
Therefore equation 3.3 has been rewritten as
X(t)/X(0) = exp -[ ( Ie/Ae) Q1 t  ] ...(3 .4 )
where X(t) 1s the AES peak-peak height a t time t , a fter Irrad iation has 
been switched on and X(0) 1s the AES peak-peak height just before 
Irrad iation commences.
A plot of the natural logarithm of X(t)/X(0) l.e . In [ X(t)/X(0) ] as a 
function of Irrad iation time t ,  should y ie ld  a stra ight Une, 1f  the 
desorption process Is of the f ir s t  order type. Deviation from a straight 
lin e  re lationship may Indicate that other secondary effects or desorption 
mechanisms may be occurlng.
Experimental ESD tota l desorption cross-sections for Ionic, and neutral 
species have been measured by direct or Ind irect methods just described for 
various gas adsorbate-metal systems, and these have been reviewed by Menzel 
(1975), and by Drlnkwlne and Llchtman (1977). A general summary of these 
experimental results w ill be given below.
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3.2.2 Sumary of General ESD Experimental Results
1. Threshold electron Impact energy to stimulate desorption of ionic, 
neutral and excited neutral species Is - 10 eV. The contribution to the 
tota l desorption by the 1on1c species 1s only a few percent.
2. ESD total and partia l desorption cross-sections He between 10-17 and 
10"22 cm2 for 100 eV Impacting electrons. While that for free molecules 
are typ ica lly  between 10"16 and 10-15 cm2.
3. Desorption cross-sections In general tend to be large for weakly 
adsorbed states and smaller for strongly adsorbed states o f the same 
species.
4. In addition to desorption, electron beam Irradiation may cause break-up 
of molecular adsorbates and can also convert one adsorbate state to 
another. An example 1s the sp lit t in g  of adsorbed CO molecules and 
deposition of C and 0 on the substrate.
5. The k inetic energy of Ions created by ESD vary 1n the range 0 - 1 0  eV. 
Multip le peak structures are due to co-ex1st1ng adsorption states. For 
example In the case of CO on W, the low energy peak was attributed to C0+ 
and the high energy peak to 0+.
6. The ESD cross-section values l.e . Q1k show strong Isotope effects. 
High mass Isotopes display small compared with low mass Isotopes which 
show large Qj.
7. Angular resolved work of emitted ESD products, show preferred angles of 
desorption. This may Indicate direction of surface bonding.
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8. Threshold energies for ESD, seem to be lower for neutral rather than 
Ionic desorption. And ESD cross-sections appear to rise  w ith primary 
energy and level o f f  at around 300 eV. For free molecules d issociation 
cross-sections show a maximum at around 100 eV. This has been attributed 
to the role of the secondary electrons returning through the surface. This 
aspect w ill further be discussed 1n sections 3.5 and 6.3.
The foregone summary of the findings of ESD experiments, generally carried 
out on gas adsorbed surfaces can adequately be described In terms of 
mechanisms developed by Redhead (1964), and Menzel and Gomer (1964a,b).
3.2.3 Mechanisms of ESD
In order for desorption to occur energy must be supplied In excess of the 
binding energy between the adsorbate and metal substrate. D irect energy 
transfer from the Impacting electron to the adsorbate 1s neglig ib le 
compared with the binding energy and th is  desorption mechanism Is only 
Important for very energetic electrons. Thus for strongly bound species 
and low energy Incident electrons direct momentum transfer must be ruled 
out. Then the cause of ESD must be due to electronic excitations of the 
surface bond. From an extension of the electron impact with free 
molecules, Redhead, Menzel and Gomer have suggested a two step mechanism 
for ESD.
1) Electron c o ll is io n  with the adsorbate-substrate complex w il l cause a 
Frank-Condon trans ition  from the ground state to an excited state , either 
repulsive anti-bonding state or 1on1c state. The Internuclear separation 
between the adsorbate and substrate atoms can be represented by a series of 
potential energy diagrams as Illustrated 1n F1g. 3.2. Frank-Condon 
transitions, are ve rtica l transitions from the ground state to a higher
En
er
gy
Inter Nuclear Seperation
Fig. 3.2 Potential energy diagrams for an adsorbate system. Also 
il lu s t ra t in g  the Frank-Condon princip le  (G=ground state; 
metal and adsorbate at ground state: (M+A)*s antibonding 
state; M»A*= adsorbate excited state: M*+A= ground state 
metal excited only; M~+A+= excited ionic state. Menzel 1975).
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excited state, during which no change 1n the position of the nucleus takes 
place. A fter th is  trans ition , the Ion or neutral partic le  begins to move 
away from the surface.
2) As the partic le  moves away from the surface, a recapture process can 
occur whereby the excitation energy 1s transferred back Into the solid and 
the pa rtic le  1s re-adsorbed Into the ground state or another higher ground 
state. Ionic desorption w ill occur, 1f the pa rt ic le  has gained suffic ient 
k inetic energy to surmount the surface binding energy. A neutral partic le  
w ill be emitted I f  at th is point, electrons from the substrate tunnel 
through to neutralise the holes created in the adsorbate.
The above ESD model, qua lita tive ly  explains a ll the experimental
observations summarised 1n section 3.2.2. In the f ir s t  stage of the ESD 
mechanism, dissociation cross-sections are comparable to gas phase 
cross-sections (-10“*6 cm )^. The observation of smaller total desorption 
cross-sections may Indicate that at the surfaces recapture and 
neutralisation processes are Important. Dominant contributions of neutrals 
to the desorbed species also shows that, neutralisation without recapture 
may be important. The energy d istribu tion  of the desorbed Ions can be 
understood as a re flection  of the v ibrational probability density 
d istribu tion  of the ground state at the ionic curve distorted by the 
recapture process. D ifferent ground state curves w ill then lead to 
d ifferent peak energies.
In very simple quantitative terms the cross-section for desorption Is given 
by
Q - Qe P ...(3 .5)
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where Qe Is the gas phase dissociation cross-section and P Is the escape 
probab ility .
The probability of escape P, 1s of the form exp(-e i j .)  where t c  I s  the 
c r i t ic a l time for desorption and In e 1s the mean stay time of the 
desorbing partic le . But in practice the escape probability P 1s given by
P - exp ( -c/M ) ...(3.6)
where c 1s a constant for a given adsorbate environment and 1t  Includes the 
tunnelling probability, partic le  ve loc ity  and the repulsion potential. M 
is  the mass of the desorbing partic le .
Expression 3.6 e ffective ly  describes the isotope effect. A heavier Isotope 
w ill have a smaller probability of desorption because i t  spends a longer 
period 1n the v ic in ity  of the bonding region where It can be recaptured and 
re-neutralised. Hence the smaller desorption cross-section compared with a 
lig h te r Isotope. This has been observed for 016 and 01® by Madey et. a l. 
(1970).
An important part of the desorption mechanism is  Its competition with 
e lectron ic de-excitation after the adsorbate complex has been excited. 
Desorption Is favoured by very long l i f e  times of the order o f 10"^ 
seconds. This compares with typical one electron excitation l i f e  times of 
10-16 - 10-17 seconds. Therefore, 1t seems that states must have
substantia lly  long l i f e  times for desorption to proceed. Thus the Redhead, 
Menzel and Gomer model for ESD desorption appears to be quite satisfactory 
since 1t also successfully predicts the Isotope effect. Brenlg (1976) has 
developed a quantum mechanical treatment of the Ionic ESD desorption 
problem which appears to predict some o f the observations of the ESD
experiments Including the Isotope effect
Knotek and Felbelman (1978, 1984) have put forward, quite a different 
desorption mechanism, Involving creation of core holes and de-exc1ta t1on 
via Inter-atomic Auger transitions (see section 2.2.1.1). In a study of 
ESD from titanium dioxide they observed enhanced 0+ desorption when the 
electron energy approached the T1(3p) and 0(2s) core leve ls, which are not 
Involved In the T102 bonding. They postulated a mechanism whereby In a 
maximal valence Ionic so lid , such as HO2, (where the cation has Ionic 
charge T1 +^ and the anion d?~) a core hole can be created on either the 
anion or the cation, In the ensuing Auger cascade, 0^ ~ w ill lose an 
electron Into the hole, and in some cases two electrons w ill be emitted 
(double Auger process) transforming an (£" 1on to an 0+. The neighbouring 
unscreened positive T1 core and 0* strongly repel due to Coulomb repulsion, 
leading to desorption of 0+. This sequence of events 1s Illustrated In 
Fig. 3.3.
This ESD mechanism appears to be very important for a l l maximal valence 
compounds such as T102, S102, W03 and particu la rly  A1203 which w ill be 
further discussed in sections 4.5 and 8.7.2. These compounds have been 
shown to be very unstable under electron beam bombardment and consequently 
display very high desorption y ie lds. This desorption mechanism 1s also 
quite effective in the covalently bonded systems. Bel lard (1980) has given 
a thorough review of ESD theories and experimental resu lts of oxygen on 
tungsten surfaces.
3.3 Electron Stimulated Adsorption (ESA)
Electron stimulated adsorption Is normally caused by gas phase dissociation 
or excitation o f molecules In the v ic in ity  of a surface. Interaction of
Auger electron 
e"
Fig. 3.3 I llu stra tion  of the inter-atomic Auger process in a maximal
valence ionic solid leading to Coulomb repulsion
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the excited species with surface atoms may lead to adsorption via a 
chemical reaction. This process 1s pa rticu la rly  enhanced when the surface 
1s exposed to simultaneous electron and gas exposure.
Clean metal surfaces almost always become contaminated by adsorption of 
residual gases. In the absence o f Irradiation th is  process may be absent 
or very slow. But when the surface Is Irradiated with electrons, enhanced 
adsorption of oxygen may be noticed. This has been interpreted as arising 
from residual CO. In o i l pumped vacuum systems, C deposition with
Irradiation has been attributed entire ly  to hydrocarbons. Kirby and 
Lichtman (1974) have suggested a model for the ESA mechanism associated 
with CO and O2 on S1 system. The molecular species that have adsorbed 
under the electron beam w ill d issociate, one of the species desorbs while 
the other may d iffuse or chemically react with the substrate atoms. For 
example 0 from CO, O2 or CO2. Further discussion of ESD and ESA from 0 on 
A1 w ill be given 1n chapters 4 and 8.
3.4 Electron Bean Daaage Thresholds for ESD o f Monolayer Covered Surfaces
From the foregoing, i t  is  c lear that ESD and ESA result from electronic 
excitations of atomic and molecular species at the surfaces. For a metal 
surface with monolayer or sub-monolayer coverage of adsorbate, reduction In 
the concentration with Irradiation time has been shown to be governed by 
equation 3.4 which is  reproduced below.
X(t)/X(0) * exp -[ ( Ie/Ae) Q t  ] ...(3 .7 )
where X(t) 1s the Auger peak-peak height proportional to the concentration 
of atomic or molecular species on the surface at time t , X(0) Is the Auger 
peak-peak height proportional to the In it ia l undamaged concentration of
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same species, Ie 1s the Irradiation current, A Is the Irradiated area, Q Is 
an effective cross-section for the electron stimulated decrease 1n the 
ra tio  of X(t)/X(0) and e 1s the e lectron ic charge.
Since In the case of AES, a 10% change in the monolayer concentration of an 
adsorbant can eas ily  be detected a c r i t ic a l or threshold dose Dc can be 
estimated to cause such a change. Electron dose D Is the product of 
electron current density and Irrad ia tion  time 1.e.
D * J t  ...(3 .8)
Thus from equation 3.7 Dc can be estimated to cause a 10% detectable change 
In the concentration of some species 1s given by
Dc = J t  = (Ifi/A) t  = 0.11 e/Q ...(3 .9)
The c r it ic a l dose Dc 1s therefore Inversely proportional to the effective 
desorption cross-section Q.
Since d issociative ionisation cross-sections of adsorbed species l ie  1n the 
range 10“ *® to 10“2"* cm2, the Dc Is then 10“  ^ to 10"* C/cm2. For typical 
electron beam parameters of current 5 jiA and beam diameter of 0.05 cm w ill 
y ie ld  detectable damage to the monolayer adsorbate within 4*10"2 to 4xl05 
seconds 1f  a ll excitations lead to desorption. Typical cross-section for 
O2 on a metal would be ~ 10“*® cm2 which would give a c r it ic a l time of 40 
seconds for same beam parameters.
3.4.1 Electron Bean Damage Threshold for ESO and EBID of Multi-molecular 
Layers and Thin Films
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In the case of samples where the surface Is made up of multi-adsorbate
layers, say for example oxide layers the e ffective  ESD cross-section must
be normalised by the number of mono-atomic or molecular layers. The over 
a ll Information depth 1n AES, 1s approximately three times the mean free 
path length *e for the k inetic energy of the Auger electrons employed 1n 
the AES analysis (see section 2.2.1.3 on the escape depth of Auger
electrons). The number of layers n Is given by 3xe/a where a 1s the 
molecular dimension. Thus the effective cross-section In equations 3.7 and 
3.9 1s replaced by Q' = Q/n. Therefore the electron dose necessary to 
produce detectable damage 1s given by
D' = o.ll ne/Q ...(3.10)
In the derivation of the threshold expressions the following assumptions 
were made:
1) That the Intensity of the electron beam 1s uniform throughout the
Irradiated area.
i 1) The cross-sections to be used in equations 3.9 and 3.10 are d ifferent 
for different materials and same adsorbates in d iffe rent states.
i 11) The cross-sections are also primary electron energy dependent. This 
is  further complicated by the Incident and backscattered primary electrons. 
The role of the secondary electrons 1n ESD w ill be discussed next.
3.5 Role of Secondary Electron Emission In ESD
The effect of secondary electrons, liberated by the Impacting 
mono-energetic primary electrons, on ESD of monolayer or multilayer
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3.5 Role of Secondary Electron Emission 1n ESD
The effect of secondary electrons, liberated by the impacting 
mono-energetic primary electrons, on ESD of monolayer or multilayer 
adsorbate covered surfaces, is  expected to be in some cases as important as 
the primary beam it s e lf ,  the general energy d istribu tion  of secondary 
electrons, was shown and b r ie f ly  discussed in section 2.2 and w ill be 
further discussed in chapter 5. The ra tio  of the to ta l number of electrons 
making up the th is  d is tribu tion , divided by the number of incident 
primaries defines the tota l secondary electron y ie ld  a.
The true secondary electrons, making up the slow energy d istribu tion  curve 
EDC, contribute up to 60-70% of the secondary electrons to a. The energy 
o f these slow secondaries fa l l in  the range 0-50 eV. The general shape of 
the EDC is  Independent of the primary electron energy and it s  maximum 
occurs at several electron volts above the vacuum level with a ha lf width 
o f < 10 eV. Since the ESD threshold energies occur around 10 eV, a 
substantial number of slow secondary electrons w ill cause electronic 
excitations which may lead to desorption or decomposition. Another fact is 
that slow secondary electrons orig inate from the top surface layers of 
materials and the in tensity  of emission is  a property of the surface. 
In e la s tica lly  backscattered primaries also are very e ff ic ie n t in the 
production of slow secondaries. For metals, oxidation of the clean 
surfaces generally leads to an enhancement of slow secondary electron 
emission particu la rly  from fu lly  oxidised metal surfaces.
In addition the secondary electron y ie ld  varies with angle of incidence of 
the primary beam (y ie ld  Increases fo r glancing incidence), nature of the 
surface and type of material. It 1s not surprising that when comparison of 
energy dependence of gas phase d issociation cross-sections and ESD
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3.6 Sunary and Conclusions
Electron bombardment of gas adsorbed or clean metal surfaces, Induces 
changes 1n the physical and chemical nature of the surface. The most 
common effects are electron stimulated desorption and decomposition of 
neutral Ionic and excited neutral species. The most satisfactory
qualitative explanation for the ESD processes was proposed by Redhead,
Menzel and Gomer. As a result of direct Interaction between the impacting
electron and adsorbed atom or molecule, the system 1s raised to an
anti-bonding state through a Frank-Condon transition with ensuing
dissociation process giving rise to desorption of species.
An alternative mechanism particu larly  applicable to maximal valence Ionic 
compounds proposed by Knotek and Felbelman, begins with Ionisation of the 
core levels. In the resulting Interatomic and Intra-atomic Auger 
processes, the two neighbouring positive cores strongly repel leading to 
desorption of Ionic or neutral adsorbates. Quantitatively, Redhead, Menzel 
and Gomer theory predicts the experimentally observed isotope e ffect and 
desorption cross-sections which vary 1n the range 10-16 and 10"22 cm2. A 
knowledge of ESD cross-sections enables estimates of electron beam doses to 
be made, so that undesirable beam effects 1n AES can be reduced by use of 
appropriate beam parameters. The energy dependence of the ESD 
cross-sections Is complicated by secondary electron emission.
In the next chapter a review of experimental AES and beam effect studies on 
clean and oxygen adsorbed aluminium surfaces w ill be given.
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CHAPTER FOUR
( PART I )
Adsorption of Oxygen on Alumlnlun and Electron Beam Effects: A Review of 
Experimental Work
4.1 Introduction
There have been a large number of studies of in it ia l oxygen adsorption at 
polycrystal lin e  and low index crystal surfaces of aluminium by AES, LEED, 
XPS, Work Function, ELS, and ESD. In the f i r s t  part of th is  chapter, these 
experimental studies w ill be reviewed to serve as a background to the work 
presented in chapters 8 and 9.
The second part of th is  chapter has been devoted to the review of electron 
beam effects at oxygen exposed aluminium surfaces studied by AES and ESD. 
Clean and oxygen covered aluminium surfaces, have received l i t t l e  attention 
in th is  area. Most of the work has concentrated on h ighlighting the 
apparent damage sustained by the surface under electron beam bombardment 
during acquisition o f Auger electron spectra.
Electron stimulated adsorption of CO2 and CO on aluminium surfaces w ill 
also be reviewed.
4.2 Adsorption Studies
4.2.1 Oxygen on A l( l l l ) ,  A l(llO ). and Al(lOO) Studied by AES, XPS, LEED and 
other Surface Analysis Techniques
41 Ch.4
Almost a ll the papers reviewed, dealing with experimental results, of 
adsorption on clean aluminium surfaces reveal undesirable Inconsistencies. 
This largely arises from the d iffe ring  experimental conditions and 
techniques used. In particu lar, sample preparation methods tend to change 
the surface to such an extent, that no two experiments w ill y ie ld the same 
resu lt. The method and pressure of oxygen exposure and scheme of UHV 
pumping 1n the analysis chamber, seem to Influence the results and 
consequently lead to misinterpretation and widely d iffering conclusions.
One of the most common surface cleaning method employed in these 
experiments was by mechanical polishing with a series of progressively 
smaller alumina partic les or fine grade dlomond pastes, followed by 
chemical e le c tro ly t ic  etching. Once In the UHV system, the sample would be 
subjected to a series of argon ion sputtering and annealing cycles. In the 
case of single crysta ls, surface order would be confirmed by LEED and 
contaminants detected by AES or ELS.
There have been numerous Investigations of low pressure, in it ia l oxidation 
o f clean aluminium surfaces at room temperatures involving various surface 
analysis techniques. The earliest experiments, were carried out by Jona 
(1967), Bedalr, Hofmann, and Smith (1968), and Bedair and Smith (1971), who 
had used LEED to Investigate the interaction of oxygen with the three low 
index faces o f A l. They reported sim ilar findings In that, the well 
defined LEED patterns gradually disappeared without formation of any new 
patterns upon exposure to oxygen. From these results they suggested that 
a l l  three faces of aluminium behave In a s im ilar fashion and immediately 
form amorphous oxide layers.
However preliminary AES and UPS measurements by Martinson, Petersson, 
Flodstrom and Hagstrom (1976), of oxygen interaction with A l(100), (110),
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and (111) faces, was shown sign ifican t differences between the faces. 
Shortly a fte r, an Independent study by Gartland (1977) took advantage of 
the work function dependence on the crysta l orientation, to measure the 
variation In the work function by a photo-electric method, with oxygen 
exposure of the three faces of A l. From the subsequent variations 1n * and 
additional AES measurements, Gartland also reported differences In the 
In it ia l oxidation of the three faces and suggested that oxygen chemisorbed 
randomly on Al (111) but formed A l2O3 Islands on the (100) face.
Photo-emission studies (with a tunable photon source from a synchrotron 
radiation source) of the Al(2p) core level and valence band region of the 
oxygen exposed three low Index faces of aluminium by Flodstrom and Bachrach 
et al (1977), confirmed the anisotropies observed by Martinson et al and 
Gartland. Flodstrom and Bachrach et al have further concluded amorphous 
oxide forms d irec tly  on the (100) and (110) faces while there Is a two 
stage process, one of chemisorption, followed by bulk-11ke oxide formation 
on the (111) face. The oxidation of the (111) face was also studied by 
Bradshaw, Hofmann and Wyrobisch (1977), th is  time employing XPS, AES, a$ 
(work function change measured by a contact potential method), ellipsometry 
and ELS techniques.
These authors have reported results supporting the two stage process of 
oxygen Interaction at the A l( l l l )  face. (The reported work function 
measurements of Gartland,and Bradshaw et al for the Al(111) surface are 
contradictory and these w ill further be reviewed in section 4.2.4). 
Eberhardt and Kunz (1978) have used synchrotron radiation to fo llow the 
changes in the Al(2p) and the valence band region of the (100) and (110) 
faces and interpreted the ir results, 1n terms of the oxygen penetrating the 
surface.
- 43 - Ch.4
In an attempt to get a further Insight Into the mechanics of oxygen 
Interaction with single crysta l surfaces of A1, Martinson and Flodstrom 
(1979), have carried out further Investigations, employing, LEED, AES and 
XPS techniques. They have used high purity A1 single crystals of (100), 
(110) and (111) orientation. AES and LEED measurements were made by a 
4-gr1d commercial LEED system and the XPS measurements by a commercial ESCA 
photo-electron spectrometer equipped with an A1 Ka x-ray source (energy =
1486.5 eV). Martinson and Flodstrom kept the primary electron beam current 
to 2 pA at 2 keV and rastered over the analysis area, in order to minimise 
the electron beam effects.
The LEED measurements were made manually by varying the energy of the 
normally Incident electron beam In the range 45 - 300 eV. A spot 
photo-meter of angular resolution ~ 0.5°, was used to measure the Intensity 
of the LEED patterns. The AES and XPS results of Martinson and Flodstrom 
have been reproduced In Fig. 4.1. Fig. 4.1(a) shows the normalised 
variation of the O^l (508 eV) Auger peak-peak height (PPH) with oxygen 
exposure for the three faces of Al. F1g. 4.1(b) shows the normalised 
variation In the 0(Is) photoelectron peak (BE * 531 eV) intensity with 
oxygen exposure up to 600 L ( 1 L = 10” 6 to rr second).
In addition to the O^ ll Auger peak, Martinson and Flodstrom also identified 
the A1kll (1396 eV) and A1LVV (67 eV) Auger transitions In the AES spectra, 
but preferred to use the O^l Auger PPH to represent the changes, because 
they did not observe any sh ift  in energy or change 1n peak shape during the 
adsorption. A monolayer coverage was assumed to form when the Auger PPH of 
the 0|<ll transition  reached 90 X of Its maximum amplitude corresponding to 
oxygen exposures > 500 L.
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Fig. 4.1 Adsorption p ro file  of the AKlOO). (110) and (111) crysta l faces.
(a) qkll Auger in tensity  versus oxygen exposure.
(b) 0( ls ) photo-electron peak intensity versus oxygen exposure, 
(reproduced from Martinson and Flodstrom 1979)
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It Is apparent from Figs. 4.1(a,b) that the adsorption p ro file s for the 
(110 and (111) faces are sim ilar, with the (100) face displaying strik ing 
differences 1n the oxidation rates. The oxygen uptake of by the (110) and 
(111) surfaces 1s quite fast with a sharp rise  In the 0KLL Intensity 
reaching monolayer ( ML ) coverage at 180 L and 270 L of oxygen exposure 
respectively. In contrast, for the (100) face the 0^ LL peak Increases 
lin ea rly  with oxygen exposure up to 0.75 monolayer coverage, there after 
gradually saturating a fter 400 L of exposure which corresponds to 1 ML 
coverage for th is  surface.
The adsorption p ro file s , obtained using the A1LVV Auger PPH and XPS 
photoelectron peak heights are more or less identical to AES 0KLL pro files. 
This according to Martinson and Flodstrom, Indicated that electron beam 
effects were neg lig ib le and did not Introduce any noticeable errors. 
(Samples Irradiated with soft x-rays show desorption effects to a lesser 
extent than electron beam irradiated samples.)
Simultaneous LEED observations by Martinson and Flodstrom of the (100) and 
(110) faces with oxygen exposure, showed that the d is t in c t LEED patterns 
corresponding to clean surfaces, gradually faded, up to 0.5 and 0.6 ML 
coverage, and disappeared thereafter. For further exposures exceeding 1000 
L, no LEED patterns developed. The (111) face on the other hand preserved 
the original LEED pattern until almost ML coverage. A fter 1000 L of oxygen 
exposure, the ML LEED pattern completely faded.
Martinson and Flodstrom also add that by heating the substrate at 250 *C 
for 8 hours, monolayer LEED pattern transforms to that of the clean (111) 
crystal face without any loss 1n the Auger 0 ^  PPH Intensity.
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From the above description of results reported by the previous authors, 
Martinson and Flodstrom conclude that the oxidation o f the A l( l l l )  face 
proceeds 1n two stages. F irs t, chemisorption Is In three fold hollow 
s ites, forming an ordered overlayer with (1X1) symmetry at approximately 
monolayer coverage. This conclusion was reached with reference to the 
re la tive ly  high surface packing density of the A l ( l l l )  face (1.42 x 1019 
atoms m"c) which w ill e ffective ly  prevent the penetration of the adsorbed 
oxygen atoms Into the sub-surface layers. Sticking coeffic ient 
measurements also confirm th is .
Photoem1ss1on spectra of the Al(2p) photoelectron peak was observed by 
Flodstrom and Bachrach et a l , and Flodstrom and Martinson et al (1978), to 
sh ift  to a higher binding energy by 1.4 eV which corresponded to a 
precursor state and upon further oxygen exposure, the Al(2p) photoelectron 
peak position shifted to an even higher binding energy by 2.6 eV which 
marked the completion of the second stage of the adsorption process by 
formation of an amorphous aluminium oxide layer.
For the (110) crystal face, Martinson and Flodstrom suggested a sim ilar 
two-stage process as proposed for the A l( l l l )  face. This suggestion Is a 
reasonable one since the A l(110) face has a low packing density, and the 
f i r s t  two aluminium layers make up the surface which is  very much lik e  the 
(111) face. Another possible mechanism for the oxidation of the (110) face 
suggested by Martinson and Flodstrom, is  by immediate formation of an oxide 
layer by a process in which oxygen atoms adsorb randomly on the (110) 
surface forming AI2O3 molecules. In the photoemission results reported by 
Flodstrom and Bachrach et al and Eberhardt and Kunz, the precursor state is 
absent showing a d irect chemical sh ift by 2.6 eV to the higher binding 
energy oxidation peak. But Eberhardt and Kunz In the same study do detect 
a s ligh t 1.4 eV sh ift  of the Al(2p) photoelectron peak. Use of a higher
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resolution spectrometer possibly employing monochromatlon may show that 
some chemisorption does take place.
For the Al(100) face, Martinson and Flodstrom suggested two possible 
mechanisms to explain the in teraction of oxygen with th is surface. The 
f i r s t  is  by a diffusion process, where an appreciable number o f oxygen 
atoms d iffuse  Into the bulk via the loosely packed (100) surface leaving a 
clean surface until d iffusion slows down or stops. This mechanism Is 
supported by the almost constant stick ing  coeffic ien t, which indicates the 
creation of new adsorption sites that continue until 0.75 ML coverage.
The second mechanism Is by Island oxidation, based on the ideas of Blakely 
(1973). Here a s ite  on the surface acts as a nucleation centre, and for 
further oxidation, the sites around the circumference of the oxide island 
act as active s ites. As growth o f the islands proceed, new sites for 
oxidation are produced.
More recent LEED experiments performed by Payling and Ramsey (1980), and 
Yu, Munoz and Soria (1980), confirm the observation by Martinson and 
Flodstrom (1979), that oxygen atoms chemisorb on the A l( l l l )  surface at low 
exposures and form a p (ix i) overlayer on the metal surface. From these 
LEED experiments the chemisorbed oxygen overlayer-substrate distances have 
been estimated and compared with the theoretical calculations and 
simulations of Lang and Williams (1975, 1978), who used an adatom-jellium 
model, molecular c luster calcu lations of Salahub, Roche and Messner (1978), 
and Wang, Freeman and Krakuer (1981) who have used a recently developed 
se lfconsistent linearised augmented plane wave (LAPW) electronic band 
structure calculations, have shown reasonable agreement. On the other 
hand, measurements and calculations based on recent experiments done with 
photoemission and surface-EXAFS (extended x-ray absorption and fine
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Fig. 4.2 A l68. A1-055 and 0506 PPH in tens ities versus oxygen exposure 
fo r the A !( I ll)  face (reproduced from Soria et al 1981).
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structure) on the A l( l l l )  face do not agree with LEEO measurements.
EXAFS results reported by Johanson and Stohr (1979), Stohr and Johanson et 
al (1979, 1980) and Norman and Brennan et al (1980) give an oxygen
chemisorption bond length of ha lf that obtained by the LEED workers cited 
above.
Soria and Martinez et al (1981), reported results of AES, ELS and LEED 
experiments on the In it ia l stages of oxidation of Al (111) surfaces and 
claimed to have resolved the discrepancy between LEED and EXAFS 
measurements of the Interplanar separation between the chemisorbed oxygen 
overlayer and aluminium substrate. Soria et al have attributed some of the 
experimental Inconsistencies to the preparation of the samples prior to 
analysis and preferred to use vapour deposited A l(111) on a ir  cleaved mica 
in an UHV environment. This way they have produced a clean sample surface 
which gave an 0 ^  PPH equivalent to .05 - .07 ML coverage which was rather 
better than that of Martinson and Flodstrom.
Soria et a l , monitored the Interaction of oxygen with the Al(111) surface 
by recording Al L23VqVq (55 eV) cross transition, Al L23VV (67 eV) and 0KLL 
(506 eV) Auger PPH and ELS spectra for Ep = 72 eV. A plot o f the PPH 
in tens it ie s  of the Auger signals versus oxygen exposure is  reproduced in 
Fig. 4.2. This Indicates a four stage adsorption process with c learly  
distinguishable breaks in the adsorption profiles. The four adsorption 
stages can be identified  as 0 - 30 L, 30 - 100 L, 100 - 200 L and 200 - 
1000 L.
During the 0-30 L exposure stage 0.3 ML coverage forms. The elemental 
A lLVV 67 eV Auger PPH intensity is  very sensitive to oxygen exposure and is
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strongly attenuated. According to Soria et a l, th is re flects variations In 
the surface structure of the valence band and 1s not explainable by 
quantitative AES. Soria et a l , arrived at the same conclusions about the 
oxidation processes occurlng on the surface of the A l(111) face. His 
experimental data and calculations of se lf deconvoluted Lg^VV Auger 
transition  density of states (TDOS) and theoretica lly  calculated DOS for 
th is stage of the adsorption, point to oxygen atoms occupying a threefold 
fee hollows 1n underlayer configuration. This occurs before the onset of 
the chemisorption p ( lx l)  overlayer observed by LEED, which occurs during 
next stage of the adsorption l.e . 30 - 100 L.
In the 100 to 200 L adsorption stage the Al L2>3VgVQ 55 eV Auger cross 
transition  PPH grows in Intensity and the oxygen (1X1) overlayer 
interplanar separation s lig h t ly  increases. In the 200 to 1000 L stage, the 
Al |_2 3VV 67 eV peak disappears and the 0 ^  and Al L2,3vovO 55 eV peaks* 
reach saturation indicating the formation of bulk like  (A l2°3) amorphous 
oxide.
♦ .2.2 Oxygen Adsorption at Polycrystalline A lu ln lm  Surfaces 
Studied by AES and Other Techniques
Po lycrysta lline  aluminium samples have been used to a smaller extent than 
single crysta ls  in the study of oxygen adsorption with these surfaces. 
This partly  follows from the fact that apparatus employing the LEED 
technique could not be used to perform LEED on these samples. Also any 
explanation of observed phenomena would be complicated by the nature of the 
surface which would have been assumed to have a random d is tribu tion  of the 
three low Index faceted grains 1n the area of investigation.
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Clean polycrystal 11 ne samples of aluminium can easily  be prepared by 
evaporation 1n UHV environments, and these have been widely used in ELS 
studies o f oxygen Interaction with thin films of aluminium reviewed In the 
next section.
Kobayashl, Shirakl and Katayama, (1978) studied the In it ia l oxidation o f 
freshly evaporated polycrystal 11 ne films on s ilicon  substrates by AES. 
They recorded AES window spectra of O ^  and A1LVV Auger transitions and 
pa rticu la rly  they monitored the appearence of interatomic cross transitions 
of Al Lz î^ VqVq. These were recorded in the dN(E)/dE and -d^NfEj/dE2 modes 
using a CMA the la tte r  mode enhanced the sen s it iv ity  of the less prominent 
structures appearing on or near the main LVV Auger peak. Their AES 
adsorption p ro file s , are s im ila r to those of Gartland, Martinson and 
Flodstrom (1979) corresponding to A1 (111) face as already reviewed. 
Kobayashl et al checked the surface with re flection  electron d iffraction  
and confirmed that the po lycrysta lline grains normal to the surface were 
oriented along the [111] d irection . These authors also proposed the two 
stage process for the oxidation of the surface, consisting o f 
chemisorption, followed by oxidation.
Bujor, Larson and Poppa (1982) also Investigated the In it ia l oxidation of 
thin films of aluminium using AES, ELS and ESD. In the ir AES measurements 
they monitored the 0 ^ ,  A1 L2>3VV Auger and A1 L2>3V0Vq cross transition 
peaks with oxygen exposure. The plot of these peaks versus exposure 1s 
again very s im ilar to the resu lts of Kobayashl et a l. The chemisorption 
stage appears to be completed after 50 L of oxygen exposure, followed by 
rapid growth of the oxidised aluminium cross transition signal marking the 
formation o f A1203. After 3000 L of oxygen exposure, some elemental A1 
signal could s t i l l  be detected.
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Fontaine and Lee-Deacon et al had used a scanning electron microscope to 
identify (111) and (100) oriented facets of polycrystal 11ne grains. The 
electron beam was then aimed on to these for recording AES spectra. 
According to Fontaine and Lee-Deacon et a l , the adsorption p ro file s for the 
two faces of Al were s im ilar to the findings of Martinson and Flodstrom.
4.2.3 Oxygen Adsorption at Alimlnlun Surfaces by ELS Studies
Electron loss features of clean and oxidised polycrystal lin e  aluminium 
surfaces had been thoroughly Investigated by Powell and Swan, (1959, 1960). 
They Interpreted the loss features, as being due to the co llective  
excitation of the conduction electrons and assigned the 15.3 eV and 10.3 eV 
loss peaks to the excitation of bulk and surface plasmons respectively. 
Upon exposure of the surface to oxygen, Powell and Swan observed the 
diminishing of the 10.3 and 15.3 eV surface and bulk plasmon peaks and 
appearence of two new peaks at 7.1 and 22.2 eV. The 7.1 eV peak was 
Interpreted by them to be a modified surface plasmon of aluminium due to 
it s  surface oxide and the more prominent 22.2 eV peak as due to a 
modification of the bulk plasmon peak for s im ila r reasons.
Sim ilar results had been reported by a number of authors among them Suleman 
and Pattinson (1971), Pattlnson and Harris (1972), and Wright and Pattlnson 
(1974).
The tentative explanation of Powell and Swan for the 7.1 eV peak was deemed 
unsatisfactory In the ligh t o f the well known fact that ELS also provides 
Information about single electron transitions from the ir ground states to 
some empty states or bands above the Fermi level. Careful study of the 
In it ia l density of states ju s t  below the Fermi level for oxygen adsorption 
on s ilicon  surfaces had been carried out by Ibach and Rowe (1974a, b) using
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UPS and ELS. Newly observed energy losses were Interpreted by them as due 
to transitions from occupied energy leve ls of oxygen to unoccupied energy 
levels below the conduction band.
By application of the d ie le c tr ic  theory Ibach and Rowe have predicted a 
sh ift  or a s p lit  In the clean surface plasmon loss peak, when the 
theoretica l, one electron transition  energy 1s nearly the same as the 
surface plasmon energy. Photoemission and UPS studies by Yue et al (1976) 
and Flodstrom and Petersson et al (1976) of the valence band structure of 
aluminium have reported a maximum 1n the density of states at 7.1 eV after 
adsorption of 100 L of oxygen onto a clean polycrystal 11ne aluminium 
surface. They assigned th is  peak to an 0(2p) resonance level of 
chemisorbed oxygen. Subsequently the 7.1 eV loss peak observed by Powell 
and Swan has been attributed to a single electron excitation from the 0(2p) 
level of oxygen to an empty state near the Fermi level of aluminium.
Benndorf and Ke lle r et a l, (1977) have carried out ELS Investigations of 
oxygen Interaction with freshly evaporated aluminium film s. They recorded 
ELS spectra d ire c tly  1n the N(E) and dN(E)/dE modes with excitation 
energies above 250 eV. Oxygen uptake by the fresh films was monitored by a 
quartz crystal micro balance with a monolayer sen s it iv ity  of 10- .^ For the 
clean surface, Benndorf et al have observed an ELS spectrum dominated by 
the surface and bulk plasmon loss peaks.
Like Powell and Swan the loss peak energies for the surface and bulk 
plasmons, occured at 10.3 and 15.4 eV respectively. Less Intense losses 
with peak positions further from the e la s t ic a lly  scattered primary electron 
peak, were attributed to multiple and combinations of the SP and BP losses.
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For very low oxygen exposure levels of 0-2 L, the surface plasmon Intensity 
decreased and appeared to be very sensitive to adsorbed oxygen. In fact 
th is  apparent sen s it iv ity  of the aluminium surface plasmon to low leve ls  of 
oxygen exposure, led Le Gressus, (1981) to suggest that the ra tio  o f the 
peak Intensities of the surface to bulk plasmons fo r  excitation by 250 eV 
electrons at normal Incidence should be greater than one. This provides a 
better check for the absence of oxygen, from a supposedly clean surface 
than just measurement o f the oxygen Auger PPH. A lso at th is  early stage of 
oxygen exposure, Benndorf et a l, have observed the emergence o f the 7.3 eV 
loss peak, in i t ia l ly  reported by Powell and Swan.
For further exposures up to 13 L, the Intensity o f  the 7.3 eV loss peak 
grew while the 10.3 SP loss peak disappeared. A new loss peak at 19.2 eV 
was also observed with some overlap with the 15.4 eV BP loss peak. The 
progressive changes o f the aluminium loss peaks with oxygen exposure of 
Benndorf et al has been reproduced in F1g. 4.3. For maximum oxygen 
exposures o f 3800 L the 7.3 eV loss peak had almost disappeared and no SP 
or BP losses corresponding to the clean aluminium surface were dlscernable.
From the above resu lts, Benndorf et al have interpreted the ELS spectrum of 
clean and s lig h t ly  oxygen adsorbed Al surface, by the c lassica l d ie le c tr ic  
and plasmon loss theory, mainly developed by Pines (1963), Bohm and Pines 
(1953), Ferrel (1957), Watanabe (1962), and Ritchie (1957), and 
experimentally by Raether (1965, 1980).
The SP and BP losses are described by the Imaginary components o f the 
d ie le c tr ic  constant l.e . -Im(l/ e) and -Im(l/l+e) respectively. The 7.3 eV 
loss feature, which Increased In Intensity with I n it ia l oxygen exposure but 
decreased for large exposures, has been attributed to a single electron 
transition  from the 0(2p) resonance level to an empty conduction band of
TOTAL EXP. (LI MASS GAIN
1 cl»an Al
2 0.1 0.01
3 0.4 0.03
4 0.7 0.05
s 1.3 0.08
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9 r»p»lition ol 8
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11 12.7 079
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15 3800 9.1
Fig. 4.3 Electron loss spectra of po lycrysta lline A1 for d ifferent
oxygen exposures. Ep = 250 eV (reproduced from Benndorf
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aluminium from a consideration o f results of Ibach and Rowe and Flodstrom 
and Petersson et al and Yue et a l.
The 19.2 eV broad loss structure, which resulted from high oxygen exposure 
levels, was interpreted rather ten tative ly as due to Interband transitions 
of amorphous AI2O3, as deduced from the electronic energy level schemes of 
A1203 devised by Balzarottl and Blanconl, (1976).
Bujor et a l , (1982) have also studied the oxidation of In situ prepared 
aluminium films with ELS (Ep = 250 eV) In addition to ESD and AES and 
reported s im ila r experimental resu lts to Benndorf et a l, except that the 
aluminium films of Bujor et al appeared to be less reactive to oxygen. 
Consequently the 7.0 eV loss peak attributed to an 0(2p) transition to the 
empty Al conduction band was s t i l l  detectable after 3000 L of oxygen 
exposure and s im ila r ly  the 19 eV loss peak attributed to Interband 
transition  of AI2O3 was less intense.
The apparent reduction In sen s it iv ity  1n the loss spectra, of the in situ 
prepared Al film s, were most probably due to differences in the surface 
properties and residual gas contaminants in the UHV chamber.
Pe lle rin , Le Gressus and Massignon (1981a), used a mechanically polished 
polycrystal 11ne aluminium sample, which was subjected to, cycles of sputter 
cleaning and annealing. In order to reduce the dominance of the loss 
spectra by the SP and BP peaks, they used primary electrons of energy In 
the range 30 < Ep < 250 eV, to excite the surface and record ELS and SES 
(secondary electron spectroscopy) spectra 1n the EN(E) mode as a function 
of oxygen exposure as well as energy. Use of low primary electron energies 
below the plasmon excitation threshold turned out to be a fresh approach, 
which led Pe lle rin  et al to report two previously unreported peaks in  the
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loss spectrum of clean and oxygen adsorbed A1 surface. For the clean A1 
surface, th is loss peak occured at 4.0 eV below the e la s t ic a lly  scattered 
primary electron peak and did not sh ift In energy when the primary electron 
energy was varied. Also the Intensity o f the peak decreased and was 
extinguished after 100 L of exposure to oxygen.
Bachrach, Chadi and Blanconl (1978) have reported a 4.3 eV resonance above 
the Fermi level of clean (100) face of A1, from the ir UPS studies of the 
DOS of the valence band, and Surface-EXAFS studies of the DOS of the empty 
states above the Fermi level of A l. P e lle r in  et al had assumed that the 
surface of the ir o rig ina l po lycrysta lline sample, due to c y c lic  Ion 
bombardment and annealing treatments, had become primarily (100) oriented, 
and assigned the 4.0 eV loss peak as due to a transition between a surface 
state close to the Fermi level and the 4.3 eV resonance observed by 
Bachrach et a l.
The other newly observed 12 eV loss peak by Pe lle rin  et al for the oxygen 
exposed (3000-8000 L) Al surface, have been interpreted as due to a 
transition  between the top of the valence band 0(2p) photoemission peak 7.1 
eV below the Fermi le ve l, and the bottom o f the conduction band (4.2 and
6.3 eV above the Fermi level of the oxide). Fig. 4.4 represents a 
schematic of the d iffe ren t loss peaks for clean and oxygen covered 
aluminium surface which has been reproduced from Pellerin  et al (1981a). 
The 19.2 eV loss peak observed by Benndorf et a l, and attributed to a bulk 
oxide (AI2O3) Interband transition , was located to be at 21 eV by Pe lle rin  
et a l, whose po lycrysta lline  sample turned out to be less reactive compared 
to that of Benndorf et a l.
Aluminium Alumina
tiuis=11eV tui% =21eV
tmjB =155eV
Fig. 4.4 Schematic diagram of the a llocation of loss peaks observed
on clean and oxygen covered aluminium surfaces (reproduced from
Pe lle r in  et a l. 1981).
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In the corrected l.e . N(E), spectra of clean aluminium, Pe lle r ln  et al 
observed some fine structure superimposed on a broad peak. These were 
located 6 eV and 11 eV with respect to the vacuum level (* = 4.0 eV). 
PilIon and Ganachaud et a l, (1977) and Everhart and Saeki et al (1976) who 
have used a 4-grid LEED, RFA to record the ir SES spectra and ELS spectra 
d ire c tly  in the N(E) mode, and have reported, 6 and 11 eV structures in 
the ir slow SES spectra and have attributed them to plasmon decay Into 
single electron excitation via in ter band transitions. Therefore Pe lle rln  
et a l, attributed the ir 6 and 11 ev peaks to a sim ilar excitation 
mechanism. Upon fu ll oxidation the 6 eV peak disappeared.
On the other hand for the uncorrected EN(E) SES spectra (for low electron 
energies transmission of the CMA gives a less Intense slow secondary 
electron d istribu tion), Pe lle rln  et al observed two peaks at 8 and 20 eV 
which they have explained as being due to the scattering of electrons on 
the 2p and 2s oxygen Induced o rb ita ls  l.e . at 23.6 and 7.1 eV below the 
Fermi leve l.
Of great importance to th is work, are the results and interpretations 
thereof, of Pe lle rln  et al on ELS and pa rticu la rly  SES spectra of aluminium 
in re lation  to the contribution of plasmons to secondary electron emission. 
This aspect w ill be further discussed in chapter 5.
In an attempt to shed further ligh t on the true origin of the 4 eV loss 
peak, reported by Pe lle rln  et a l, N a ll, Jette and Bargeron, (1981) have 
investigated the Interaction of oxygen with a clean (111) oriented crystal 
of aluminium by ELS. Nall et a l, under sim ilar experimental conditions to 
as used by Pe lle rln  et al recorded ELS spectra, using a CMA in the EN(E) 
mode, fo r primary electron energies 1n the range 20-50 eV.
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The results of Nall et a l, largely confirmed those of Pe lle rln  et al and In 
addition they also reported , locating a 4 eV loss peak on the ELS spectrum 
of clean aluminium with one major difference. The 4 eV loss feature, was 
found to sh ift  to higher energies by as much as 3 eV as a function of 
primary energy. Further surface-EXAFS experiments of Bachrach et al on the 
clean A l ( l l l )  face revealed no 4 eV surface resonance above the Fermi level 
but at 12 eV.
In ligh t of th is , the assignment by Pe lle rln  et a l , that the 4 eV loss peak 
was due to a trans ition  between surface states, largely from the assumption 
that h1s polycrystal Une Al sample, was predominantly (100) oriented, was 
shown by Nall et al to be fa lse. Hence they have re-assigned the 4 eV peak 
as due to non-vertical d irect Inter and Intra-band transitions of the bulk 
aluminium.
From the above review on ELS of Al surfaces 1t 1s clear that some of the 
processes leading to the observed loss peaks and features are far from 
clear and l i t t l e  understood. Further experiments In which analysers with 
higher absolute resolution with use of theoretical and computational 
techniques w ill be required to reduce the plasmon loss peak dominance of 
the ELS spectra.
Presented in Table 4.1 Is a summary of the, observed loss peaks, and the ir 
assignment to date for clean and oxygen exposed aluminium surfaces.
4.2.4 Oxidation Studies by Mass Uptake and Work Function Measurements
In it ia l investigations of the oxidation processes on aluminium surfaces 1n 
the la te  s ix t ie s  and early seventies, mainly consisted of mass uptake by 
quartz microbalance techniques and measurement of the changes In the work
Table 4.1 Summary of observed loss peaks and the ir a llocation , 
on clean and oxygen exposed A1 surfaces.
Primary
energy
(eV)
Nature of 
A1 surface
4.0
Observed
7.0
loss
10.0
peak energies 
12.0 15.1
(eV)
19.4 22.0
Author
250<E<2000 clean poly 
film
SP BP 1,2,3
250<E<2000 oxidised 
poly film
SP due 
oxide
BP due 
oxide
1,2,3
250<E<1000 clean poly 
film
SP BP 4,5
250<E<1000 oxygen exp 
poly film
0(2p)
reson
oxide
inter
band
4,5
30<E<250 clean poly 
sheet
surf
state
SP BP 6
30<E<250 oxygen exp 
poly sheet
0(2p)
reson
0(2p)
to CB
oxide
in te r
band
6
20<E<50 c le a n ( lll)
crysta l
inter
band
SP BP 7
20<E<50 oxygen exp 
(111) 
crysta l
0(2p)
reson
0(2p)
to CB
oxide
in te r
band
7
1) Powell and Swan (1959,1960)
2) Suleman and Pattinson (1971)
3) Pattinson and Harris (1972)
4) Benndorf et al (1977)
5) Bujor et al (1982)
6) Pe lle rin  et al (1981)
7) Nall et al (1981)
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function or contact potentials.
Huber and K1rk, (1966, 1968), Roberts and Wells, (1969) and Dorey (1971) 
have a ll studied the In it ia l stages of oxidation of evaporated 
polycrystal 1Ine films of aluminium at room temperatures using one or both 
o f the above techniques with broadly s im ila r results and Interpretations.
Huber and Kirk reported a fast weight gain for In it ia l Interaction of 
oxygen with A1 surface, until monolayer coverage after which no s ign ifican t 
change 1n the weight gain occured. Simultaneously they measured contact 
potentia ls for the aluminium surface which Indicated a sharp decrease of
0.05 ±.02 eV after which A* Increased, reaching a maximum for very long 
oxygen exposures. This have led Huber and Kirk to correctly suggest an 
adsorption process whereby a layer of chemisorbed oxygen atoms, Is followed 
by oxidation and formation of alternating layers of aluminium-oxygen 
dipoles. The above interpretation appears to have been an accurate one, 
since more recent experiments, Involving AES, XPS, LEED, EXAFS etc. appear 
to confirm th is  (see preceding section). The polycrystal 11ne A1 films were 
probably (111) or (110) oriented.
From the mass uptake versus exposure curve, they reported an In it ia l 
stick ing  coe ffic ien t of 0.09 for the room temperature oxidation. Roberts 
and Wells (1969), have reported data which they believed to be at variance 
with Huber and K irk 's  Interpretation o f the oxidation process. Roberts and 
Wells found the CPD changes on the A1 surface to be reproducible at room 
temperatures except during the In it ia l stages of oxygen Interaction with 
the A1 surface for which they observed a decrease of 0.05 eV in a*. For 
subsequent oxygen exposures the WF was observed to Increase at times by 0.1 
eV and then 0.6 eV. From these resu lts Roberts and Wells have suggested 
that oxygen chemisorption was unstable and Incorporation of chemisorbed
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atoms Into the substrate layers occur at a submonolayer coverage leaving 
sites for further chemisorption of oxygen.
This mechanism appears to be consistent with Martinson and Flodstrom's 
(1979) Interpretation of the ir oxygen on Al(100) results obtained with AES, 
XPS and LEED. It 1s possible therefore that the films prepared by Roberts 
and Wells were predominantly (100) faceted.
Kruger and Pollack (1972) exclusively followed oxygen-aluminium reaction at 
room temperature, by the quartz crysta l microbalance technique and examined 
the AI-AI2O3 surface by electron microscopy and scanning electron
microscopy for surface roughness. Kruger and Pollack reported a two stage 
mass uptake by the surface. The weight of oxygen uptake, varied lin e a r ly
with pressure (across the range 5xl0-6 to 5xl0-7 torr) and time and that
over the above pressure range an abrupt change In the rate of uptake
occurred. This they Interpreted as a completion of a stable layer with an 
In it ia l stick ing coeffic ien t of 0.03. Kruger and Pollack suggested an 
Incorporation-chemisorption mechanism whereby In it ia l incorporation by 
oxygen onto the second layer occured very quickly at 0.75 ML coverage, and
In the second stage normal chemisorption occurs up to 1.5 ML coverage.
There after the surface becomes non-react1ve to further exposure and marks 
the formation of a stable oxide layer.
Dorey (1971), 1n a s im ilar Investigation to Huber and Kirk reported 
stick ing coeffic ien t values (10_1 - 10" )^ for clean, 0.5 ML and 1.0 ML 
covered A1 surfaces at various temperatures 1n the range 110 K to 473 K and
concluded that the In it ia l adsorption of oxygen on aluminium at higher
temperatures 1s thermally activated as confirmed by the high values of 
measured stick ing coeffic ients.
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More recent measurements of work function changes on A1 surfaces 
characterised by AES, LEED and ELS was b r ie fly  mentioned 1n section 4.2.1. 
The change In the work function with oxygen exposure fo r the A l ( l l l )  
surface reported by Bradshaw et al appears to be In variance with the
photoelectric work function measurements of Gartland for the same surface 
Gartland reported no change until 20-30 L, and a rise  o f only 0.1 eV 
reaching saturation after 130 L of O2 exposure as I llu stra ted  In Figs. 
4.5(a,b).
Bradshaw et al reported a smooth fast decrease In a# a fte r 50 L o f 02
exposure. They have attributed the variance, to the sample preparation
conditions and « measuring techniques. In order to reconcile these 
paradoxical * resu lts , Hayden, Hachicha and Bradshaw (1980) repeated the a # 
measurements fo r oxygen on A l ( l l l ) ,  using both the Kelvin method and
photoelectric method in the same apparatus and on the same crystal 
subjected to Identical preparation conditions. For room temperature 
measurements, both methods yielded s im ilar results; with a # decreasing 
I n it ia l ly  by 0.2 eV, and reaching a minimum at 30 L.
Between 30 L and 70 L A* Increased by 0.05 eV thereafter saturating. With 
the photoelectric method, the overall decrease was much smaller. But at 
other temperatures the two methods gave different results which tended to 
re fle c t the v a lid ity  and de fin it ion  of each measurement technique. 
Therefore 1t seems that work function measurements of 02 on Al remains 
unresolved with the resu lts depending on the method of measurement and 
preparation h istory of the sample.
4.2.5 Interaction of Carbon Monoxide and Hydrogen with Alualnlim Surfaces 
at Roaa Temperatures
from Bradshaw et al 1977. c irc le s  from Hayden et al 1977.
(b) ♦  versus oxygen exposure for the A l ( l l l )  surface. Crosses
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In comparison with oxidation studies there have been few studies of carbon 
monoxide and hydrogen on aluminium surfaces. These studies have been 
carried out at room temperatures on single crystal surfaces, 
po lycrysta lline , and on surfaces of evaporated films of A1 using AES, ELS, 
XPS, LEED and WF techniques as In s im ilar experiments to oxygen studies. 
The reported results have been rather con flic ting  but generally carbon 
monoxide and hydrogen appear not to adsorb on clean aluminium surfaces.
Shiraki, Kobayashl and Katayama (1978), Katayama et al (1979) and Plreaux 
and Ghlsjen et al (1979), have a ll used AES with XPS to Investigate the 
interaction of CO on 1n-s1tu evaporated film s of aluminium. Shiraki et al 
and Kobayashl et al a fte r only 720 L of CO exposure reported, s ign ifican t 
changes In the interatomic cross transition  signal o f Al, 0 and C. For 
very high exposure (104 L) they showed that CO bonds sto lch lom etrlca lly to 
Al and that AI2O3 type A l-0  bonding precedes Al-C bonding. Shiraki et a l, 
have ruled out residual oxygen adsorption or electron stimulated adsorption 
of 0 via dissociation of the CO molecules.
Pireaux and Ghlsjen et al using XPS, observed CO adsorption after only 35 
L. They showed the C (ls) photoelectron peak (of BE = 285 eV) to contain 
considerable loss structure but reported no such structure sh ifts  in the 
0(Is) photoelectron peak (BE = 531 eV). These observations have led them 
to suggest that the C atoms are closer to the Al atoms.
Khonde, Darv llle  and G il le s ,  (1981a) recorded AES and ELS spectra of CO 
exposed A l(100) surface. Their resu lts Indicated changes In the spectra 
after only 20 L of CO exposure. But the ir supposedly clean Al surface 
already contained, oxygen and carbon as revealed by AES. The changes in 
the Intensity of the o f the 0 ^  and A1LVV Auger PPHs remained small and 
after 100 L of CO exposure the A1LVV PPH was s t i l l  the dominant peak. In a
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sim ilar experiment but using a d ifferent Al(lOO) oriented sample, and use 
of additional techniques of LEED and WF measurements, Khonde et al (1981b) 
obtained different resu lts. Compared with the ir previous study a 5 stage 
adsorption process was Identified, along the course of exposure up to 105 L 
of CO. This time only carbon contamination was Identified for the clean 
surface and the oxygen signal did not appear un til 100 L of CO exposure.
Through the stages 2 and 3 (=< 104 L), the 0KLL and CKLL Auger signals 
steadily increased while the A1LVV signal decreased. By stage 5 (10^  L) 
the CKLL signal saturated and even began to decrease while the 0KLL signal 
continued to grow. The AlLVy signal had completely disappeared. In 
addition Khonde et al mentioned the appearence of structures 1n the low 
energy Auger spectrum, corresponding to Interatomic transitions and plasmon 
loss features of the Al Lg^VV Auger transition  corroborating the work of 
Kobayashi et a l.
ELS measurements for the clean surface, was s im ilar to the previous results 
of authors described 1n section 4.2.2. For the f ir s t  stage, the Intensity 
of the surface and bulk plasmons were not modified. But the SP intensity 
decreased through stages 2 and 3 a fte r which both the SP and BP loss peaks 
decreased d rastica lly .
Khonde et al reported no particu lar LEED patterns and that the loss of 
contrast 1n the brightness was complete by 104 L of CO exposure. Work 
function changes determined by contact potential difference method as a 
function of CO exposure revealed no change 1n a* until stage 2, where a* 
decreased to a minimum of -0.120 eV, by stage 3, It was back at 0 and 
thereafter Increased very rapidly with further exposure.
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From the above results Khonde et al have suggested that the d issociation of 
CO, gave a progressive Incorporation of oxygen and carbon with A1203 and 
Al-C (carbide) formation with reservations about the previous history of 
the samples.
More recently Bargeron and N a ll, (1982) have recorded ELS spectra of CO 
exposed low index surfaces (100), (110), and (111) of Al and report 
essentia lly  no changes In the ELS spectra for these faces. Bargeron and 
Nall using primary electron energies In the range 30<Ep<140 eV, have shown 
that there Is a very small decrease In the Intensity of the SP a fter more 
than 104 L of CO exposure. They have attributed th is small decrease to the 
sen s it iv ity  of th is  loss peak to adsorption of residual oxygen. Bargeron 
and Nall have repeated the experiments on po lycrysta lline and non-1n-s1tu 
evaporated films of A l, with s im ila r resu lts and conclude that, no 
adsorption of CO on Al surfaces at room temperatures resu lt.
The resu lts of Bargeron and Nall appears to be 1n tota l contrast to the 
work of previous authors. But I t seems lik e ly  that the CO adsorption 
observed by previous authors could have been due to electron beam effects 
(electron stimulated adsorption). Oxygen deposition could also have arisen 
from water vapour In the main chamber or CO gas admission manifolds. 
Electron beam effects at Al surfaces w ill be reviewed in the next section.
As far as adsorption of hydrogen on aluminium 1s concerned, no studies have 
been reported where extensive surface analysis techniques have been used 
except for Pellerfn, Le Gressus and Massignon (1981b) who carried out ELS 
Investigations on clean polycrystal lin e  Al surfaces down to exposure 
pressures of 10"4 to rr at room temperatures but report no modifications of 
the SP loss peaks. But alumina surfaces, did show some adsorption, only at 
10-4 to rr H2. But upon pumping o f the system chamber to UHV, the orig inal
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clean alumina ELS spectra was regained, Indicating that hydrogen 
physlsorbes only onto alumina surfaces.
4.3 Sumry and Conclusions
The process of oxygen adsorption and oxidation of aluminium surfaces as 
gleaned from the results of AES, XPS, ELS, LEED and a* experiments appear 
to be rather complex and contradictory, largely due to experimental 
parameters and sample non-un1form1t1es. On the (111) surfaces of A1, 
oxygen I n it ia l ly  chemisorbs and forms a p(ix i) overlayer LEED pattern up to
monolayer coverage (0-300 L). Upon heating to 550 *C the orig inal LEED
pattern 1s regained with no change in the oxygen concentration.
For further exposures, an amorphous oxide layer begins to form with oxygen 
being incorporated at a very slow rate. On the (100) and (110) surfaces of 
aluminium, oxygen incorporation is  immediate, with formation of oxide
islands. On the (100) face, oxygen penetrates the f ir s t  couple layers of 
aluminium, resulting in new surface adsorption s ite s . No particu lar LEED 
patterns have been observed for these faces. With further oxygen exposure, 
an amorphous A^O-j lik e  oxide layer begins to grow on the surface.
Carbon monoxide and hydrogen have been observed not to adsorb on aluminium 
surfaces. Where adsorption has been observed, i t  may have been due to 
electron beam effects and the way the samples had been prepared. In the 
next section electron beam effects on clean and oxygen exposed aluminium 
surfaces w ill be reviewed.
CHAPTER FOUR
( PART II)
Electron Bean Effects on Clean and Oxygen Adsorbed Alunlnlin Surfaces: A 
Review of Literature
4.4 Introduction
A great deal of experimental work has been done on electron stimulated 
desorption (ESD) from many adsorbate-metal systems, in order to improve the 
understanding o f adsorption-desorption phenomena caused by electron beam 
irrad ia tion .
Clean and oxygen covered aluminium surfaces have received l i t t l e  attention 
in th is area. Most of the work has concentrated on highlighting the 
apparent damage sustained by the surface under electron beam bombardment, 
during acqu isition of Auger electron spectra.
In th is section, adsorption, desorption decomposition and other electron 
beam induced phenomena at clean and oxygen exposed aluminium as well as 
alumina surfaces w ill be reviewed. This section w ill not be divided into 
subsections or the material reviewed in s t r ic t  chronological order. Work 
dealing with electron beam enhanced adsorption of COg and CO on aluminium 
surfaces w ill also be reviewed.
4.5 Electron Bean Effects Studied by AES
A number of workers have investigated a range of adsorbate-metal surfaces 
sp e c if ica lly  to determine ESD yields and desorption cross-sections. Also
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the extent of surface damage caused by the electron beam, during AES 
analysis. Drlnkwlne and Llchtman (1977) have reviewed this aspect and the 
area of ESD thoroughly. In these studies experimenters have noted the 
drastic changes In the peak position, shape and Intensity of Auger signals, 
which Indicated chemical and physical changes on the surface, d irectly  
Induced by the electron beam. Studies were In itia ted  to Investigate the 
detrimental effects of electron bombardment, during qua litative and 
quantitative Auger electron spectroscopy.
Pantano and Madey (1981) have thoroughly reviewed the area of electron beam 
damage effects 1n AES and conclude that 1n general the electron beam, w ill 
Induce adsorption (ESA), of carbon and oxygen on clean surfaces from the 
residual gases of 02, H20, CO, and C02 present In the UHV chamber or 
desorbed from the chamber walls. The electronic processes leading to these 
phenomena have already been dealt with In chapter 3.
It w ill be seen la te r, that some of these (ESA) effects may be absent from 
clean aluminium surfaces. In the case of oxygen exposed metal surfaces, 
desorption of oxygen and decomposition of the oxide may result. 
Pa rticu la rly  prone to decomposition are the stable compounds of Si02, 
A1203, W203, T102, V20jj and other maximal valence ionic compounds. In 
particu la r the a lka li-ha lides display very high desorption cross-sections 
and y ie lds. Pantano and Madey report desorption cross sections of 10"16 
cm^  for weakly adsorbed species and halides, while 10-18 - NT19 cm^  for 
strongly bound species and stable compounds. The desorption mechanisms 
prevalent 1n these compounds have been described in chapter 3 together with 
experimental methods of analysing data and electron beam thresholds.
4.5.1 Decomposition from Aliarfnlun Oxide Surfaces
In a specific Investigation designed to verify  the v a lid ity  of some of the 
underlying assumptions 1n the Interpretation of quantitative AES, Smith 
(1976) studied the decomposition of thin aluminium oxide films on aluminium 
substrates, by electron and ion beam bombardment using AES.
Smith used a coax ia lly  mounted electron gun contained 1n a commercial CMA, 
to excite the oxide films with electron beams of energy 2-3 keV, at 63* to 
the sample normal, with sample to ground currents o f 0.5 to 10 yA and beam
diameter of 0.5 mm. The electron and 1on beams were coincident on the same
spot and a series of depth pro files were obtained with both beams 
maintained on, and 1n some cases with the 1on beam o ff only. Smith
recorded the 0 ^ ,  A1KLL, A1LVV and CKLL Au9er trans itions and A1 l_2 3VqVq
cross transition
Smith reported a uniform removal of the oxide layer but after only a few 
minutes of etching and electron beam Irrad ia tion , well before the 
oxide-metal Interface was reached, elemental A1L2,3VV 67 eV Auger signal 
grew In Intensity and the 0 ^  515 eV had decreased, Indicating that the 
sputtering and electron Irradiation had decomposed the anodised A1 film .
In order to confirm h1s suspicions Smith, recorded a series of spectra 
during which, the oxide film  was f ir s t  sputtered without electron 
bombardment and then electron beam switched on and time dependent Auger 
electron window spectra recorded overnight. Smith found that the 0«li_ and 
A1 lVqVq Auger PPHs had decreased exponentially while the elemental 
aluminium PPH had Increased to saturation. He obtained sim ilar results 
from Irrad iation experiments on single crystal o f aluminium oxide 
(sapphire).
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Smith had righ tly  concluded that electron beams seriously changes the 
re la tive  concentration of surface elements and cause reduction and 
decomposition of AI2O3 and desorption of oxygen. In order to reduce the 
decomposition effects, Smith varied the electron beam parameters and kept 
the beam on the sample, only during the recording of Auger spectra. This 
time m eta llic aluminium peaks Increased only s lig h t ly  above that caused by 
the In it ia l Ion beam sputtering. He had used a primary beam of 3 keV, 
energy and sample to ground current of 0.9 pA and beam diameter of 0.05 cm. 
Hence Smith recommended that the overall electron dose delivered to a 
surface must be minimised and when Interpreting sputter depth p ro file s  of 
m ultilayer specimens the deleterious effects of the electron beam must be 
taken Into account, though he suggested no specific  minimum dose.
Figs. 4.6 and 4.7 have been reproduced from Smith (1976), and show the 
subsequent changes In the Auger PPH Intensities of A1 (55 eV), A1 (67 eV) 0 
(515 eV) and A1 (1390 eV) of sapphire as a function of electron beam 
irrad ia tion  time. By replotting, the normalised natural logarithm of 
oxygen PPH against Irradiation time an estimate of the effective 
cross-section for the electron stimulated decrease 1n oxygen can be 
calculated as shown 1n section 3.2.1.
Fig. 4.8 shows th is  plot and It can be seen that the effective 
cross-section for the stimulated decrease In the 0^  peak 1s not constant. 
I n it ia l and fina l values of 1.1 x 10-19 and 2.7 x 10-20 cm2 has been 
estimated (the electron beam parameters were as follows: Ep = 3 keV, Isg =
7.1 pA estimated from a knowledge of the SEE y ie ld  of AI2O3 at th is  Ep and 
angle of Incidence, and dt,eam * 0.5 mm).
The decomposition of AI2O3 and subsequent desorption of oxygen under 
electron bombardment, has also been studied by van Oostrom (1979) who
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Fig. 4.6 Survey Auger spectra of alumina (sapphire) as a function of 
electron beam irrad ia tion  time. Ep = 3 keV. Ij = 7.1 uA 
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time (data from Fig. 4.7).
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reported s im ilar changes 1n the Auger PPHs to those observed by Smith, van 
Oostrom monitored the low and high energy Auger PPHs of metallic and 
oxidised aluminium and the 0 ^  PPH of oxygen as a function of electron 
Irradiation time, for an oxidised film  of aluminium . He had used a 5 keV 
electron beam from a coax ia lly  mounted electron gun, contained In a 
commercial CMA. F1g. 4.9(a) shows the variation of 0 ^ ,  A1 l_2 3VV and A1 
l2,3v0v0 Au9er PPHs as a function of the logarithm of the electron beam 
dose D ( Ip/A t ) .  From th is  p lot, he suggested a threshold for 
decomposition at an electron dose of 10 C/cm2.
Fig. 4.9(a) has been replotted as 1n Fig. 4.9(b) so that the natural 
logarithm of the normalised 0KLL and A l54 peaks are on the vertical and 
electron beam dose D on the horizontal axis. The A l54 plot y ie lds a 
straight line  Indicating a constant effective cross-section of * 10-22 cm2. 
The effective cross-section for the decrease In the 0 ^  signal 1s high at 
f i r s t  ( - 3 x 10"22 cm2 ) decreasing to ~ 5 x 10-23 cm2 with Increasing 
dose. However using the c r it ic a l dose Dc equation (3.9) an effective 
cross-section 1n the 0 ^  signal of 1.8 x 10-20 cm2 is  obtained.
4.5.2 Oxygen Adsorption by ESD
Literature on the d irect observation of in it ia l stages of oxidation of 
clean aluminium surfaces by ESD is  very scarce. The only reference at hand 
is  that of Bujor, Larson and Poppa (1982), who have used additional 
techniques of AES and ELS as already reviewed 1n sections 4.1 and 4.3. The 
aluminium thin film s were prepared 1n-s1tu, on molybdenum substrates and 
the surface was excited by low current density, 1 keV, 0.5 uA electron beam 
Incident at 45* to the sample normal and rastered over an area of 10 ran2. 
ESD of 0+ Ions were detected using a quadrupole mass spectrometer with a 
high Ion angle of acceptance.
[(°*d)N/(Q)N]ui
F1g. 4.9 (a) 0505. A l68 and A l54 Auger PPH Intensities versus electron 
beam dose. E.  » 5.0 keV (reproduced from van Oostrom 1979). 
(bl The natural log of C 0505/050p-o ] and 
f A154/A l5p-Q 1 versus electron beam dose.
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For the clean aluminium surface, ESD signals of H4, F* and 0+ were 
detected. No oxygen or fluorine contamination was detected when the 
surface was monitored using AES, Indicating the true surface sen s it iv ity  of 
ESD. The F4 Ions were thought to be due to fluorocarbons from the Ioniser 
grid of the quadrupole mass spectrometer. No mention of carbon 
contamination was made by them. ESD measurements had shown the clean films 
of A1 to contain oxygen which was probably Incorporated throughout the bulk 
of the film  due to the evaporation process.
The evolution of the 0+ ESD signal as a function of oxygen exposure, was 
very sim ilar to the AES obtained adsorption pro files as reviewed In section
4.2. A two stage adsorption process Is suggested by the growth of the 0+ 
signal. In the 0-50 L oxygen exposure range a fast Increase In the 0+ 
signal Is observed, with subsequent reduction 1n the rate of Increase of 
the 0+ signal as the exposure 1s Increased. Fig. 4.10 1s reproduced from 
Bujor et al and shows the evolution of 0+ ESD signal with oxygen exposure.
4.5.3 CO and COg Exposed A lm in im  Surfaces
In section 4.2.5 carbon monoxide adsorption on aluminium surfaces was 
reviewed, as studied by AES and ELS techniques. It was concluded that CO 
did not adsorb on aluminium surfaces at room temperatures, and In the 
absence of electron beam Irrad iation (Bargeron and Nall 1982).
Carbon dioxide adsorption 1n the presence of electron beams on clean films 
of po lycrysta lline aluminium has been studied by Falconer, Blschke and 
Hanna (1983), who have used AES to Investigate the enhancement of CO2 
adsorption on thin surfaces of th in  aluminium deposited on quartz 
substrates In a separate vacuum apparatus. The samples were cleaned by 
argon Ion sputtering and Auger spectra recorded with a commercial coaxial
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F1g. 4.10 Variation of the 0+ ESP peak with oxygen exposure. Ep = 1 keV. 
Ip = 0.5 uA. A = 10 mm^  (reproduced from Bu.ior et al 1982).
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electron gun. The sample was excited at normal Incidence by a 2 keV, 5 yA 
beam of 0.24 mm (FWHM) diameter. By use of a high resolution specimen 
transfer device, Falconer et al were able to obtain spa tia lly  resolved 
spectra across the Irradiated spot by reproducible linea r movements of the 
specimen manipulation device. CO2 adsorption pressure was 1n the range 2.4 
x 10 6 to rr and the adsorption was monitored by recording window spectra of 
the 0KLL, C^ LL A1lvv Auger transitions and Al LVqVq cross transition .
Auger survey spectra from the clean surface Indicated the presence of 
oxygen which the Ion sputtering had fa iled to remove, pointing to presence 
of oxygen through the bulk, Incorporated during the evaporation process. 
In it ia l exposure of the clean surface to 4000 L of C02 In the absence of 
the electron beam, monolayer coverage was not reached. In the presence of 
the electron beam however, the rate of adsorption had increased d rastica lly  
and for the equivalent exposure, more than a monolayer coverage of oxygen 
was present in the beam area. Falconer et al reported only s ligh t build up 
In the carbon KLL Auger signal Indicating C02 did not adsorb wholly.
A typ ica l oxygen and aluminium concentration p ro file  across the Irradiated 
spot Is shown 1n F1g. 4.11 which has been reproduced from Falconer et al 
(1983). The 0 ^  PPH pro file  is  bell shaped which points to an electron 
beam Intensity of Gaussian d is tribu tion . In the areas outside the 
Irradiated spot the PPH was only s lig h tly  above the background 
recorded for the C02 exposed surface 1n the absence of the electron beam. 
Falconer et al report that 1n the absence of the electron beam and gas 
phase C02 exposure, the build up of the oxide 1n the beam area disappears 
which 1s confirmed by the enhancement of the Al L^jVV, matalllc Auger 
signal. I f  however, only gas phase C02 was removed, 1n the continued 
presence of the electron beam, the oxide was stab ilised permanently.
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Fig. 4.11 Elemental concentration pro files across the electron beam 
irradiated spot. Ep = 2 keV. Ip = 5 uA and beam dia. 0.24
(a) 0503 versus distance.
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(c) 0503 AES PPH versus distance (reproduced from 
Falconer et al 1983).
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S im ilarly  after electron beam enhanced oxidation of the spot, 1f the 
electron beam alone was removed, the 0 ,^  PPH decreased. Hence, Falconer 
et al have concluded that the rate o f  C02 adsorption and oxidation on 
evaporated thin films of Al was s ig n if ica n t ly  enhanced by an electron beam. 
They proposed a mechanism whereby the adsorbed C02 molecule, dissociates 
under the electron beam, Into 0 and CO, with the oxygen becoming adsorbed 
and subsequently reacting with the surface to form and oxide and CO 
desorbing Into the vacuum. The In s ta b ility  of this oxide In the absence of 
gas phase C02 and electron beam was accounted by the subsequent d iffusion 
of the oxygen Into the bulk.
The above ESA mechanism was f ir s t  suggested by Kirby and Llchtman (1974), 
from the ir LEED-AES studies of 02 and CO adsorption on s ilico n  surfaces.
As a continuation of the above work P itts , Blschke, Falconer and 
Czanderna,(1984) have sought to Identify  the orig in of the adsorbed oxygen 
on the oxidised Al surface (gas phase C02, residual or from the bulk). 
In the orig inal work of Falconer et a l,  evaporated thin films of Al 
contained oxygen Impurities 1n the bulk d ire c tly  as a result of preparation 
which may have enhanced the in it ia l rates of C02 adsorption. P itts  et a l, 
have repeated the experiments of Falconer et al using po lycrysta lline 
sheets o f aluminium of high purity  (5N) and lesser bulk oxygen 
contamination, as well as freshly in s itu  prepared th in  films.
Exposures were done with labelled C02 and surface analysis carried out 
with AES, XPS, ISS (Ion scattering spectroscopy, see section 2.3.5) and 
SIMS (secondary 1on mass spectroscopy, see section 2.3.4) a ll part of a 
commercial multitechnique Instrument. Pre- C 1802 exposure AES 
measurements on the evaporated thin film  surfaces, corroborated the results 
o f Falconer et a l. For the clean Al surface a fter Ion etching s t i l l
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contained some residual oxygen, and In the subsequent simultaneous C 1802, 
electron beam ( J = 7 A/cm2, which was approximately 1000 times the J used 
by Falconer et al) exposure, oxide Islands were grown on the Irradiated 
spot, very sim ilar to the ones grown by Falconer et a l. Positive and 
negative SIMS 1.e. 0+, C0+ and 0", CO", analysis of the oxide Island
showed no enhancement of or fragments Incorporating 18q. P it ts  et al 
concluded that the source of 180 was below detection capab ility  of the ir 
SIMS.
S im ilar experiments on the polycrystal 11ne sheets, yielded Identical 
resu lts to above. Except th is time no residual oxygen was detected on the 
clean aluminium surface, which ruled out oxygen diffusion from the bulk and 
saturation In the growth o f the oxygen peak was observed a fter 5000 L of C
1 O
02 exposure.
P it ts  et a l, have further Investigated the C 1802 adsorption by exposing 
the surface to 42 kL, and electron densities of 0.8 mA/cm2 rastered over 
the whole of the sample area for beam energies In the range 0.5 - 2 keV. 
For the argon ion sputter cleaned surface, XPS (photon source Mg Ka, 1257 
eV), survey spectra revealed residual oxygen, 0(Is) (BE = 531 eV), 
Implanted argon, Ar(2p) (BE = 245 eV), copper Cu(2p) (BE = 931 eV, CuLMM = 
920 eV) and a very small peak of carbon C(Is) (BE = 285 eV).
The 0(ls) and Cu(2p) photoelectron peaks were due to, non-sputtered areas 
on the sample, seen by the broad Mg Ka photon flux. XPS window spectra of 
the 0(Is) and Al (2p) regions taken a fte r exposure of the surface to 42 kL 
of C 1802 In the absence o f the electron beam showed a prominent Al(2p) 
photoelectron peak due to elemental aluminium with a s ligh t shoulder 2.25 
eV to the higher binding energy side o f due to aluminium oxide. The oxygen 
0(ls) peak was also quite small.
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XPS window spectra recorded In the presence of both C1802 and electron beam 
exposure, showed enhancement of the 0(ls) and substantial growth In the 
Al(2p), 2.25 eV shifted peak and decrease of the Al(2p) photoelectron peak 
due to elemental A l. The carbon C(ls) did not show any change In 
in tens ity , indicating that the surface Is substantia lly  oxidised by the 
electron beam. The XPS spectra for the above experiments are shown in 
Figs. 4.12(a-c) and have been reproduced from P itts  et a l.
Positive  SIMS results obtained from 217 kL of C1802 and 500 eV, 0.8/cm2 
exposed surfaces showed l i t t l e  indication o f 180 but negative SIMS gave 180 
and A1-180 fragments. The presence of 160 and C180160 and C1602 fragments 
were attributed to residuals in the C1802 gas and from the residual gases 
in the UHV chamber.
8He+, ISS analysis gave a more convincing result of the orig in  of the 
oxygen in the surface oxide with no detectable 160 indicating c lea rly  that 
the source of oxygen for oxide growth had come from C1802. Hence, P it ts  et 
a l, have concluded that the most l ik e ly  mechanism to account for the 
observed growth of the oxide is  the in i t ia l d issociation of C02 into CO and 
0 by the electron beam. The oxygen reacts with the Al surface and CO 
desorbs. Another possible mechanism is  the gas phase excitation of C02 or 
ion isation in the area of the beam, upon impact with surface atoms 
dissociates with subsequent reaction of 0 with Al and desorption of CO 
which seems to support the findings of Bargeron and Nall (1982) who have 
also concluded that C02 did not adsorb on to clean surfaces of 
polycrystal lin e  or monocrystalline aluminium as discussed in section 4.4.
P it ts  et al also add that, they were unable to d irec tly  observe an increase 
1n CO partia l pressure with the ir SIMS apparatus operating in the RGA mode 
because the quantity of the CO desorbed may be below the detection lim it  of
beam exposed AT sheet« Ep * 3 keV, Ip = 3 uA beam dia. 4 i<n 
and J = 0.8 mA/crn^ ,
(b) and (c) XPS window spectra of 0(ls) and Al(2p) photo electron 
peaks from A1 sheet exposed to COg and C 180g and electron be
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the RGA.
4.5.4 Oxygen Adsorbed AliM lnlm  Surfaces
Of major Importance to the work described In this thesis and possible 
implications for the conclusions reached by Falconer et al and P it ts  et al 
are the reported findings of Fontaine and Lee-Deacon et a l, (1982), on the 
electron beam effects at oxygen exposed po lycrysta lline  and single crystal 
surfaces of aluminium. Fontaine and Lee-Deacon et al had set out to 
discover the physical and chemical processes leading to the observed 
a rt ifa c ts  1n the absence of deliberate beam heating, charging and residual 
gas contamination.
Fontaine and Lee-Deacon et al used a commercial SAM/SEM/AES combined 
surface analysis system pumped by a combination of turbo, Ion and titanium 
sublimation pumps with a cryogenic panel. A 5 keV electron beam with 
current density of 10 * A/cm^  was used to excite Auger electrons from clean 
and oxygen exposed polycrysta lline aluminium surface, which turned out to 
consist of (111) faceted grains. Also the surface of (100) oriented, Al 
crysta l was a lso Investigated.
After acqu is ition  of oxygen adsorption p ro file s  for both surfaces, which 
they claim were sim ilar to that of Martinson and Flodstrom, (1979) as 
reviewed 1n section 4.1.1. Fontaine and Lee-Deacon et a l, exposed each 
surface to 100, 250 and 1000 L oxygen which corresponds to sub-monolayer 
and monolayer coverages, and Irradiated a particu lar spot continuously for 
an hour. Auger window spectra of elemental
A1 l2,3vv (67 eV), oxidised Al L2,3V0Vo (54 eV) Inter atomic Auger 
transition  and oxygen KLL (508 eV) transitions were recorded as a function 
of Irrad ia tion  time. They were also able to record further Auger window
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spectra from pre-determlned non-1rrad1ated spots by use of the SEM fa c i l i t y  
and high resolution, translational motion sample manipulation device. They 
reported drastic Increases In the oxygen and oxide levels w ithin the 
irradiated spot, compared with the non-1rrad1ated spots on the (111) 
surface for a ll levels of oxygen exposures. No Increase was observed on 
the (100) face. Fontaine and Lee-Deacon et al assumed the 0 ^  PPH to be a 
measure of a ll the oxygen on the surface and the normalised ratio of Al (54
ev) PPH to sum of Al (54 eV) PPH and Al(67 eV) PPH to represent the over 
a l l  oxide leve l.
For the (111) face the 0KLL PPH had Increased by 20-25% after 70 minutes of 
electron beam Irradiation where as the B ra tio  had Increased up to 40% over 
the non-Irradiated spot. Fontaine and Lee-Deacon et al ruled out ESA from 
the residual gases 1n the UHV chamber which were e ffective ly  removed by 
operation o f the cryogenic and titanium sublimation pumps. Figs. 
4.13(a,b) which have been reproduced from Fontaine and Lee-Deacon et a l, 
show the 0|<LL PPH and B value as functions of Irradiation time for the 
A l(111) and (100) faces.
In order to account for these observations, other than by ESA, they 
proposed a mechanism whereby oxygen atoms, In a chemisorbed state on the 
(111) face, are transformed Into an oxide state through near e la s t ic  
co llis io n s  (estimated cross-section 2 x 10"19 cm2 to impart 0.100 eV of 
energy) with the primary electrons. Chemisorbed oxygen atoms outside the 
beam area become Ionised by low energy electrons scattered from the 
analyser walls. These excited species return to the ir ground states via 
Franck-Condon type transitions, during which su ffic ien t energy is gained to 
enable them to diffuse Into the primary beam area to become oxidised.
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Absence o f oxide growth on the A1(100) face 1n the presence of the an 
electron beam, was explained by the fact that the In it ia l oxygen adsorption 
dynamics on this face lacks the chemisorption phase and oxygen Is d irectly  
Incorporated Into the sub surface layers (Martinson and Flodstrom (1979)), 
hence the proposed mechanism w ill not work for the A1 (111) face.
This mechanism, w ill be further discussed In chapter 8 when Interpreting 
the resu lts of s im ilar experiments performed In th is  work.
4.6 Siamary and Conclusions
To summarise th is section on electron beam effects observed on clean and 
oxidised aluminium surfaces, the situation appears to be far from clear. 
In general, electron beam effects cannot en tire ly  be eliminated from 
electron spectroscopy techniques. On the heavily oxidised aluminium 
surfaces the predominant, beam effects observed were electron stimulated 
decomposition and desorption with estimated effective cross-section of 
10 " 10 cm for primary electron energies 1n the range 0.5 - 5 keV.
Which agrees with cross-section values derived from ESD experiments at 
lower k ine tic  energies.
Carbon dioxide was observed not to adsorb on aluminium surfaces except In 
the presence of electron beams with a wide range o f energy and current 
density In which case the Irradiated spot becomes predominantly oxidised 
with the oxygen from the dissociated C02 and desorbed CO fraction.
On sub-monolayer and monolayer oxygen covered A l ( l l l )  surfaces, growth 1n 
the oxygen and oxide level was observed under electron beam bombardment. 
Though th is was absent from the Al(100) face. No predominant decomposition 
or desorption has been reported from these surfaces. But again, results
Table 4,2 Summary of some electron beam effect experiments at 
oxygen and CCL exposed A1 surfaces.
Substrate Adsor- State Method Electron Current Beam Cross
bate energy density e ffects section
keV A/cm2
A1 (poly) 
sheet °2
oxide
film
AES 3.0 10'4-10 '3 EBID 
ESD
IO’ 19
10-20
A1 (poly) 
sheet °2
oxide AES 5.0 10"4-10"3 EBID 
estm. ESA
io -22
A1 (poly) 
film °2
chemi­
sorbed
AES
ESD
1.0 5xl0“6 ESD.of 
0+
A1 (poly) 
film
co2 AES 2.0 10-2 ESA of 
0
A1 (poly) 
film
C02 AES.XPS 
SIMS,ISS
0.5-10 10"3-10 ESA of 0 
+ therm
A1 (111) 
crystal °2
chemi­
sorbed
AES 5.0 10‘ 4-10‘ 3 ESA of 0 
+ oxide
A1 (100) 
crystal °2
chemi­
sorbed
AES 5.0 10"4-10*3 no 
change
Key: EBID = Electron Beam Induced Decomposition 
ESD * Electron Stimulated Desorption 
ESA * Electron Stimulated Adsorption
Author
Smith (1976)
van Oostrom 
(1979)
Bujor et al
(1982)
Falconer et al
(1983)
P itts  et al
(1984)
Fontaine et al 
(1982)
Fontaine et al 
(1982)
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and observations tend to vary to a greater extent from experimenter to 
experimenter, sample to sample. Table 4.2 1s a summary of the response of 
oxygen and carbon dioxide exposed Al surfaces to electron beam Irradiation 
for various energies and current densities where appropriate cross-section 
values have also been Indicated.
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CHAPTER FIVE
SECONDARY ELECTRON EMISSION
5.1 Introduction
The phenomenon of secondary electron emission (SEE), was f i r s t  discovered 
by Austin and Starke In 1902, when they were Investigating the Interaction 
o f electron beams with metal surfaces. Since then numerous experimental 
and theoretical studies of the effect has been made 1n terms o f the 
secondary electron y ie ld , l.e . ra tio  of the number o f back-emitted 
electrons to the number of Incident primaries.
Later, SEE was further Investigated In terms of the secondary electron 
energy d istribu tion , by use of electron energy and momentum analysers. 
Such a typical secondary electron energy d istribu tion  Is shown In Fig. 
5.1; Its  form has already been discussed 1n section 2.2 but w ill b r ie f ly  be 
summarised here. The secondary electron energy d is tribu tion  curve has been 
a rb it ra r ily  divided Into three regions according to the main type of 
c o llis io n  processes occuring Inside the solid .
Region 1, consists of e la s t ic a lly  scattered electrons and those that have 
suffered phonon losses ( meVs). In addition, on to the low energy side of 
the e la s t ic  peak, are the primary electrons that have lost quanta of energy 
1n exciting single or multiples of plasmons 1n the valence or conduction 
band or single partic le  excitations.
Region 2, consists of the true secondary electrons In the k inetic  energy 
range o f 0 - 5 0  eV, which have escaped across the potential barrier Into
Fig. 5.1 Energy d istribu tion  o f secondary electrons.
Fig* 5.1 Energy d is tribu tion  of secondary electrons.
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vacuum as a result of multiple Ine lastic scattering events, a so called 
cascade process Involving the primaries and energetic secondaries, valence 
and core electrons. The shape of th is  part of the N(E) d is tribu tion  Is 
normally referred to as the slow secondary electron d istribu tion  curve 
(EDC). It 1s essentia lly  Independent of the d irection and energy of the 
Incident primaries and makes up the biggest contribution to the total 
y ie ld . Fine structures observed on the EDC has been attributed to decay of 
plasmons Into single electron excitations or Auger processes and band 
structure effects.
Region 3, consists of a re la tive ly  f la t  background of 1nelast1cally 
backscattered primaries and electrons due to Ionisation processes. These 
electrons are pa rticu la rly  e ff ic ie n t at generating slow secondaries.
In this chapter, the resu lt of the simple SEE theory and the assumptions 
Im plic it In Its  derivation w ill be given which qua lita tive ly  describes the 
experimentally observed y ie ld  curve. This w ill be followed by a b r ie f 
presentation o f results of a quantum mechanical theory o f SEE which 
predicts the general shape of the cascade EDC curve. F ina lly , discussed 
b r ie f ly  Is the more recently developed quantum mechanical theory of SEE 
which Includes, the plasmon decay mechanism of SEE excitation which gives 
r is e  to fine structure superimposed on to the smoothly varying EDC.
5.2 The Process of Secondary Electron Emission (SEE)
Due to the complexity of the situation the SEE process has been 
conveniently divided Into three steps, Illustrated schematically In Fig.
5.2. A ll theories of SEE would consider the three steps In Isolation, or 
the last two 1n combination, with various simplifying assumptions to evolve 
a description o f the process.
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5.2.1 Basic Theory of SEE
The basic empirical theory of SEE was developed by Salow (1940), Baroody 
(1950), and Brulnlng (1954) and was based on the s im p lified  three step 
process illu s tra ted  In Fig. 5.2. The general result for the secondary 
electron y ie ld  can be written as follows:
0 3 /§ ( -1/ e Ep/R ) Bi  b2 exP (- x/L) dx ...(5 .1 )
where the term -Ep/ eR represents the production of the secondary electrons 
by a primary electron of energy Ep at a depth x, which has a range R Inside 
the so lid  given by
* ■  K EP ...(5 .2 )
and e represents the average energy required to produce a secondary. The 
term BiB2 exp (-x/L) represents the transport and escape probab ility  of the 
secondaries where Bj Is a coeffic ien t which accounts for that fraction of 
the secondaries with upward momenta and B2 1s the probab ility  that a 
secondary after diffusing to the surface, w ill escape across the surface 
barrier into the vacuum. And L 1s the effective escape depth or mean free 
path of the secondaries during d iffus ion  to the surface. Expression 5.2 , 
1s the range-energy re lationship, where K Is a constant depending on the 
density of the material and for n = 2 the range-energy re lationship Is that 
o f Whiddlngton's power law. But Young (1956) and others have obtained 
experimental values for the power n to be » 1.35 from electron transmission 
experiments through se lf supporting A1203 films for Ep * 2.5 - 10 keV and 
gives better agreement between theory and experiment.
g. 5.2 Three step secondary electron emission process.
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The work of Salow and Brulnlng has been reviewed by Dekker (1958) who also 
gave the Im p lic it assumptions In the expression 5.1 and hence Its 
shortcomings. Some of these are summarised below.
I) The three d is t in c t stages of the SEE mechanism holds for metals and 
Insulators. For metals and Insulators th is may not be true due to the 
nature of the cascade process.
II) That the Internal energy d is tr ibu tion  of the secondaries may be Ignored 
and just the tota l number considered.
III) The escape mechanism 1s described by an exponential absorption law, 
without consideration of the true physical processes that may be occurlng.
Due to the above s im p lifica tions, expression 5.1 cannot predict the true 
y ie ld  of a particu la r material or say anything about the energy 
d istribu tion  of the emitted secondary electrons. Though 1t gives the 
general form of the y ie ld  curve and more so of the universal reduced y ie ld  
curve, f i r s t  suggested by Baroody (1950). This 1s a normalised plot o f the 
9/<^ nax against Ep/Epmax where Ep(nax 1s the primary electron energy at ey^ 
the maximum tota l y ie ld . When Young's range-energy relationship is  used, 
expression 5.1 also gives qua lita tive  values for the mean escape depths for 
electrons from metals and insulators and correctly predicts a much higher L 
for Insulators than for metals.
The basic theory also predicts Increased y ie ld , for o ff normal Incidence of 
primary electrons with the sample, i f  x 1n expression 5.1 Is replaced by x 
cose as suggested by Jonker (1952). The y ie ld  expression 5.1, has been 
further modified by Kanaya and Kawakatsu (1972), and Dionne (1973, 1975) to 
give semi-empirical expressions In terms of surface and bulk parameters
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with Improved a b il ity  to predict quantitative y ie ld  resu lts for metals and 
Insulators.
A some what more successful semi-empirical formulation of the y ie ld  for 
Insulators and metals has been given by Kanaya, Ono, and Ishlgakl (1978), 
Kanaya and Ono (1978) and Ono and Kanaya (1979). Their semi empirical 
equations for the y ie ld  and Its parameters also Include the effect of the 
In e la s tlca lly  backscattered primaries and has been given 1n terms of the 
atomic number Z, f i r s t  Ionisation energy I, and the backscattering ratio  
(which depends on bulk density p) with several adjustable parameters to 
make more exact f it s  to the experimental data). For Insulators, they have 
used the free-electron scattering theory with plasmon theory to explain the 
high y ie ld  exhibited by these materials, again 1n terms of Z, p, I and free 
electron density and atomic weight and adjustable parameters for probable 
multiple plasmon losses. A review o f the above work has been given by 
Fadavl (1981).
In the next section, a quantum theory o f the production of secondaries w ill 
be given 1n which the interaction between primary electrons and the 
Individual la tt ice  electrons are considered and the subsequent transport 
and escape o f the Secondary electrons (SEs) are treated in terms of W olff's 
cascade theory.
5.2.2 General Quant« Theory of SE Production
Quantum mechanical treatments of the production of secondary electrons by 
Interacting primary electrons and the la t t ic e  electrons have been given by 
FrohUch (1932), Wooldridge (1939), and Dekker and van der Zlel (1952). 
The la tte r have given a most general formulation of the SEE production 
step, where the electron Interaction between primary electrons, conduction
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electrons and more strongly bound electrons are represented by Bloch 
functions.
Following Dekker and van der Z1el* s procedure, consider a primary electron 
of energy Ep * h Kp/2m co llid ing  with a bound la tt ice  electron o f wave 
vector Kc , and positional vector r  and state ¥Kc, after the co llis io n  the 
wave vectors w ill be Kp and K£. The number of transitions per unit time, 
p(Kp»Kc * for which the primary electron Is scattered Into a
so lid  angle dn' around the vector Kp and the la tt ice  electron Is excited 
Into a new state ^ ¿(r) as given by time dependent perturbation theory Is
P ( Kp.Kc * ) da1 -
4 m2 e** Kp/e2 !!** q** Kp |I|2 da‘ . ..(5 .3 )
where I = / e<1<l*r ) TKc(r) ^ ¿(r) dr . ..(5 .4 )
1s the matrix element connecting the In it ia l and final Bloch functions of 
the la t t ic e  electron states and where q = Kp - K*p .
5.2.2.1 Secondary Electron Production In Metals
Equation 5.3 is  a general statement of the production of secondary 
electrons as a resu lt of simple coulomb Interaction. In metals though due 
to a high density of conduction electrons, the fie ld  of the primary 
electron dies away very quickly over very short distances and this e ffect 
1s allowed for by use of a screened coulomb potential of the type
V (r) « l / r  exp (- ks r  ) ...(5 .5 )
where kg Is the screening vector of the order of 1 A*1, in expression 5.3, 
q“ 1s then replaced by (q2 - ks 2 ) 2 so that
p(Kp,Kc ♦  Kp.K^) da* =
4m2 e*4 K ^ ‘*(q2-k 2) 2ICp 111 2dn' ...(5 .6 )
5.2.3 Transport and Escape of SEs: The Cascade Theory
After production, slow secondary electrons w il l d iffuse through the 
Interior of the so lid , suffering multiple Ine lastic co llis io n s  with the 
conduction electrons, as a result multiplying In number. Some of these 
Internal secondaries with su ffic ien t energy w ill escape Into the vacuum or 
fa l l back Into the sea of conduction electrons.
This description o f the cascade process 1s due to Wolff (1954) who has used 
the Boltzmann transport equation to describe the cascade process Instead of 
the simpler exponential absorption and mean free path considerations used 
In the basic theory In section 5.2.1. The solution of the Boltzmann 
transport equation gives an external energy d istribu tion  of the secondary 
electrons In term of the Internal Incident secondaries at the surface and 
the refraction effect suffered by these due to the potential barrier, 
before emergence. The Boltzmann equation also gives the relationship 
between the external secondary electron emission current and the primary 
beam energy, the Ine lastic scattering cross-sections, multiple sources and 
the escape probability.
W olff's analysis o f the Boltzmann equation for secondary electron transport 
Is as follows:
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3N/3t (r,a ,E ,t) + v.grad N (r,a,E,t) =
- vN(r,a ,E ,t)/AT(E) + S(r,a,E ,t)
+ /dE'J v 'N '( r ,a f ,E ',t ) /A (E ')  F(a’ ,E ';a ,E ) do- ...(5 .7 )
where N(r,a,E,t) represents the number of electrons as a function of the 
position vector r, unit vector a along the d irection  of ve locity v, the 
energy E and time t. Therefore the f ir s t  term on the le ft  of equation 5.7, 
represents the time rate of change of N(r,a, E, t) and the second, the rate 
o f change due to the gradient of N ( r ,a ,E ,t) . On the right hand side of 
equation 5.7, In the f i r s t  term Xy(E) Is the e ffective  or total mean free 
path and the whole term represents the number of electrons removed by the 
e la s t ic  and Ine lastic scattering. The second term on the right, l.e . S 
( r ,a ,E ,t)  1s a source function representing the density o f Internal 
secondaries produced by the primaries. In the fin a l term F (tf,E ';a ,E  ) 
the probability that electrons scattered into lower energy states from s f , 
E ',  to a, E and electrons scattered from the sea o f conduction electrons to 
higher energy states a,E. This probability factor F Is then normalised to 
2, to account for the result o f each cascade electron, that 2 electrons 
resu lt a fter the scattering.
;g ,dE/F(a, ,E , ;a,E) da' - 2
Wolff sim plified eq. 5.7 by assuming steady state conditions so that 3N/3t 
* 0 and grad N - 0 for the case of normally Incident primaries. N, S, and 
F have been expanded Into spherical harmonics In terms of new variables z, 
6, E and t  such that
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N(z,cos0,E) = E1 (21 +l/4n)N-| (z,E)P-j (cose)
S(z,cose,E) = (21 +l/4w ) S-j (z,E)P1 (cose)
F in '.E 'jQ .E) = F(cos$,E,E‘ ) = Z-| (21+1/4n)F-j (E' ,E)P  ^(cos$)
where z is  the normal depth below the surface, e angle of » with z, and * 
the angle between a* and a. Further defining equation = vN^/Xy(E) then 
the solution of 5.7 is  given by
yl = *T(E)[(l/21+l)afM /»z + (l+l/21+l)3i-1+1/3z]
+ /27^ '^F-j (E‘ ,E) (z.E1) + S] (z,E) ...(5 .8 )
In seeking a solution to equation 5.8 Wolff assumed the following
i)  secondaries lose energy by scattering with the conduction electrons.
i i )  Losses by electron-phonon scattering is  neglig ib le.
i i i )  The electron-electron interaction is  described by a screened Coulomb 
potential (see equation 5.5) and is  s-wave in character i . e . , 1 = 0.
iv) The scattering is  spherica lly symmetric in the c-mass system up to 100 
eV.
v) The conduction electrons are e ffective ly  free, so that the result is  
particu la rly  applicable to metals.
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v1) For E$ > 100 eV scattering 1s Rutherford type.
v i i)  That ¥■] 1s Independent of z i.e . no surface effects.
Equation 5.8 was solved by Wolff to give the number of Internal secondaries 
Isotrop ica lly  produced by an Incident primary of energy Ep to be
N (Es)- A [Ep /E^ D *  .. .(5.9)
where A Is approximately a constant and E$ Is the external k in e t ic  energy 
o f the secondary electron and Ej 1s the Inner potential of the metal and x 
1s * 2.
S tre ltw olf (1959) who also developed a cascade theory, gives an external 
secondary electron spectrum of the form
N ( Es ) -  l/ (  Es + * ) 2 ...(5.10)
where * Is the metal work function. I f  equations 5.9 and 5.10 are 
multip lied by the surface escape probab ility  Q ( Es ), each gives the 
externally observed SE energy d istribu tion . Thus equation 5.9 of Wolff 
becomes
N( Es ) = A Q(E) [ Ep/Ep+Ej ]x ...(5.11)
and
Q( Es ) * 1 - C Ej/Es+Ej ]* /2
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N(ES) -  A I M E j/E^E j ) 1/ 2] [Ep/Ej+Ej ] .. .(5 .12)
which Is the total secondary electron d istribution collected by an analyser 
of co lle ction  angle of 27frad1ans. Assuming that no reflection of the 
secondaries occur. For electron energy analysers of small so lid  angle of 
acceptance and angle of emission, the probability of escape has been 
rewritten by Seah (1969) from refraction  Index and conservation of momentum 
considerations and can be shown to be
Q(ES) = [E ^ E j+Ej ]1/ 2 l /[ E scos2e0 +
x e V 2cos90 ...(5 .13)
where eQ and have meanings as depicted In F1g. 5.3
Thus the external SE d istribution becomes
N(ES) = A [1—(Ej/Eg+Ej) 1/ 2][Ep/Es+EI ]x
x [Ej /Es+Ej ] 1/ 2 [escos20o+E i ]1/2
x Ej /2cos0o ...(5.14)
From measurements of the secondary EDC from Ag and Cu samples, for SEs 
emitted in  the normal direction, Seah showed that,
N(ES) « [1/(ES+*)XJ [Es/Es+0.35] ...(5.15)
where x was found to be 2.0 forAg and 1.6 for Cu and t  which Is the work 
function o f the metal. Seah also suggested that W olff's cascade equation
nFig. 5.3 Refraction of escaping secondary electrons at a metal
surface due to the inner potential.
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gave better agreement with experimentally observed EDC, I f  the energy of 
the emitted secondary electrons are referred to the Fermi level rather than 
bottom of the conduction band. This became apparent when trying to compare 
the N(ES) maximum with the experimentally observed maximum.
5.2.3.1 SE Angular Distribution
In the derivation of the Cascade theory o f Wolff, one of the assumptions 
was about the Isotropic d istribution of the cascade electrons Inside the 
material. This was confirmed by the experimental work of Jonker (1951) who 
showed that for SEs 1n the energy range 1.5 - 100 eV, the angular Intensity 
d is tribu tion  of the secondary electron current at a specific  Es, varied as 
the cosine of the angle between the surface normal and d irection of 
emergence as predicted by equation 5.14.
5.2.3.2 True ( A ) and Total ( o ) Secondary Electron Yield
In addition to the energy and angular d is tribu tion  of the secondary 
electrons, predictions about the true and to ta l yields of metals can be 
made using expression 5.12 as well as Its varia tion  with the work function. 
By Integration o f equation 5.12 between appropriate lim its , gives an 
expression for the true secondary y ie ld  6. Wolff has shown that by 
d iffe ren tia tion  o f th is y ie ld  integral, an expression for change In 6 with 
work function is  given by
3( ln 6)/34> * l-x/(Ep+*) ...(5 .16)
Therefore equation 5.16 predicts the variation of the true y ie ld  with the 
work function fa ir ly  accurately.
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Wolff has also given estimates o f the tota l y ie ld  by solving the transport 
equation with a source function that takes account of the f in ite  depth of 
penetration of the primaries Into the metal by assuming a Whlddlngton power 
law l.e . penetration depth z « Ep2. His expression for a 1s as follows
o * Js/ J 0 = [wnoe*72nc0e ff] [ i/E p( * E F)J
x [1 - 40Ao/3wzo ] [ ln(Ep/^ EF) - 1] ...(5.17)
where J$ Is the secondary electron current density, J p Is the primary
electron current density, n^  1s the number of loosely bound electrons
contributing to SEE per cm3, nc density of conduction electrons. ae^
effective electron-electron scattering cross-section, \Q is  a constant mean 
free path and zQ Is the maximum penetration depth of the primaries.
Equation 5.17 was maximised to estimate the tota l maximum y ie ld  as given 
below
°max = 4/3(*a /oeff)  (nQ/nc ) [Ry/( *fEp)Ep)nax]
x [ W Epm ax/^M  - 1 J ...(5.18)
where aQ Is the Bohr radius and Ry the Rydberg constant (me4/8e2h3c).
Wolff obtained some good estimates of for various metals, by using 
experimental values of E^^  and substituting approximations on values of 
n0 Its variation with Ep.
So far In the quantum theory of the production of secondaries, Interaction 
between the primary electrons and the Individual electrons was allowed.
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Also in the treatment of the transport and escape of the secondaries by the 
W olff's cascade theory, the result is  an externally observed smooth 
secondary electron d is tribu tion  curve. However recently observed fine 
structure on th is  smooth EDC have been strongly linked to the plasmon loss 
peaks accompanying the e la s t ic a lly  scattered primaries and excitation of 
plasma o sc illa tion s in aluminium.
In the next section, theories of SEE w ill be given which also include SE 
production due to the interaction of the primary electrons and co llective  
system of conduction electrons leading to excitation of surface and bulk 
plasmons and th e ir contribution to SE production as they decay into single 
electron excitations.
5.2.4 SEE Theories: Contribution by Plasuon Decay to the Yield
An important source of slow secondary electrons from nearly free electron 
NFE, metals may arise through Interband transitions of the decay of surface 
and bulk plasmons excited by energetic primary electrons. For aluminium 
th is  mechanism of secondary electron excitation is  very important and in 
th is  section quantitative theories of SEE (in which the above effect is  
included) developed by Chung and Everhart (1977), Ganachaud and C a ille r  
(1979), Bindi, Lanteri and Rostaing (1980), and Rosier and Brauer (1981a,b) 
w ill be b r ie fly  presented and results of the ir calcu lations as applied to 
aluminium w ill also be given. These calculations include, the energy 
d istribu tion , angular d is tr ibu tion , and the true and tota l y ie ld s .
In the theories of SEE given by the above authors the SEE process has been 
described by the s im p lified  three-step process Illu stra ted  in Fig. 5.2. 
In the production term, excitation by direct electron-electron interactions 
and by decay of plasmons have been included, in d irect contrast with Dekker
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and van der Z1el, and W olff's treatment of the SEE process described In the 
la s t section.
The transport and escape of the secondaries has been tackled e ither by 
solving the Boltzmann transport equation ( B1nd1 et a l, and Rosier and 
Brauer) or by simple mean free path considerations (Ganachaud and C a llle r , 
and Chung and Everhart).
5.2.4.1 Production of Secondary Electrons
Excitation of the secondary electrons, by the direct Interaction of the 
primary electrons with the la t t ic e  electrons via electron-electron 
scattering and SE excitation by decay of plasmons created by the primaries 
can be Included In one equation as given by Chung and Everhart
P O C p ,K „  ♦ K f , K c ) = 2*/Ti $ [ 4 * e 2/ q 2A ] 2
x [1 / 1 e(q,<o) | 2] |<Kf |e1‘M*|Kp>|2
x |<Kc |e-1<i*r |K^ | 2 6(Ep+Ev-Er Ec) ...(5.19)
where the term on the le f t  hand side of equation 5.19 represents the 
probab ility  per second for a primary electron In state Ep, Kp to be 
scattered Into a conduction state Ef ,K f by losing energy hw due to 
excitation o f a valence electron from state EV,KW to conduction state EC,KC 
or by excitation of plasmons, as depicted 1n F1g 5.4. A is  the volume of 
the so lid , e(q,w) 1s the frequency and momentum dependent complex 
d ie le c tr ic  function equal to ei(q,u>) + 1e2(q,w) where q = Kp - Kf  and 6 Is 
the Dirac delta function which ensures conservation of energy and momentum.
• electron 
o hole
^ ^ - " E P K P
Fig. 5.4 The secondary electron excitation  process.
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Chung and Everhart have made several approximations to the d ie le c tr ic  
function in equation 5.19 in order to separate the contribution to the 
probability of excitations from electron-electron scattering and plasmon 
decay. For very small momentum transfers, the 1/q4 term w il l dominate 
equation 5.19.
5.2.4.1.1 Excitations by Screened Electron-Electron Scattering
Chung and Everhart have used the s ta tic  form of the Lindhard d ie le c tr ic  
function in order to describe the d irect electron-electron scattering 
between the incident primaries and la t t ic e  electrons which are themselves 
represented by the free electron gas model. The Lindhard d ie le c tr ic  
function is  given by lim^^ e|_(q,0) * 1 + qpy2/q2 where qpy is  the 
Thomas-Fermi screening vector and it s  appropriate for excitation of very 
low energy SEs. With further assumptions that
Kp |ei(l*r | Up > = 6Kf, Kp+q , indicates the primary electrons before and 
after scattering are described by plane waves and since for q very small 
ei(l*r  * 1 , and that the crysta l electrons are described by plane waves, 
then equation 5.19 is  rewritten to give the SE contribution due to 
electron-electron scattering as
P(Kp.Kv ♦  Kf ,Kc ) = 2-ir/Ti [ 4*e2/A ]2
x Zq ' 0(Ev )(1- f o(Ec ) ) * f - V < l
«(Ep+Ev-Ef-Ec)/(q2+qFT2)2 ...(5.20)
where fQ is  the Fermi-Dirac d is tribu tion  function.
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Rosier and Brauer however have used dynamical screening approximations to 
the Llndhard d ie le c tr ic  function. For the case of SEs o f energy E > 100 eV 
they showed that the use of an unscreened excitation  function was 
su ffic ien t approximation. At lower energies th is approximation was no 
longer su ffic ien t and over estimated the excitation rate. Thomas-Ferml 
approximation on the other hand under estimated the excitation rate 
throughout the relevant energy range. Rosier and Brauer also Included a 
contribution by the excitation of core electrons but th is  was found to be 
too small.
5.2.4.1.2 Excitation by Decay of Plasaons
This mechanism, manifests I ts e lf ,  by the appearence of fine structure on 
the external secondary EDC. Plasmons excited by the fast primaries, decay 
via single pa rtic le  excitations from the valence band. The energy 
positions of the fine structure on the EDC, correspond to Hup - «, with
reference to the vacuum level.
5.2.4.1.2.1 Excitation by Decay of Voluae Plasaons
The volume plasmon decay contribution to the excitation of SEs, was 
quantitative ly determined by Chung and Everhart who have evaluated the 
plasmon pole contribution to the d ie le c tr ic  function 1n equation 5.19 l.e . 
|l/e(q,u>) | . The wave vector and frequency dependent d ie le c tr ic  function 
e(q,w) has been evaluated for small q and u near ay  For aluminium, ei 1s 
very small 1n the v ic in ity  of q * 0 plasmon frequency and consequently 
|l/e| has a large resonance for small e2. Chung and Everhart arrived at 
the following rate expression for plasmon decay contribution to the SEs
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H«q*0 P(K* ♦  Kc) = [4*e2y t lq 2A]2
x [ r /2(iho-m>p)2+ (r /2)2] f (e ,tíw) (5.21)
where A of equation 5.21 1s the transition  rate fo r generating long 
wavelength plasmons and F(E,Ti<u) is  the electron energy d istribution due to 
plasmon decay via vertical Interband transitions and r is  the damping 
constant for 1 i mq^ o w^pe2(^«“ pJ » anc* P(E,Ti<i>_) is  also the optical energy 
d istribu tion  of the jo in t density of states JDOS. Equation 5.21 therefore 
describes the creation of plasmons with q = 0 which subsequently decay via 
vertica l interband transitions, producing secondary electrons.
5.2.4.1.2.2 Excitation by Decay o f Surface Plasaons
As fo r decay by volume plasmons, Chung and Everhart have also calculated 
the contribution to SEs by decay of surface plasmons created by incident 
primaries. Their expression for d iffe ren tia l probab ility  per unit distance 
and energy of SE excitation is
where Q is  the two dimensional wave vector of the surface plasmon f ie ld ,  z 
is  the vertica l depth below the surface and F(E,Tiu>s) is  the normalised 
energy d istribution of surface plasmon decay via single electron 
excitation, 2Q e"2Qz is  the probab ility  per unit distance of exciting SEs 
inside the so lid  by the exponentially decaying plasmon f ie ld  into the 
so lid .
P ( K„ + K^/dE = 2 Q e-2QzF(E,no>s ) (5.22)
5.2.4.2 Transport and Escape
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In the treatment of the transport and escape of the SEs due to 
electron-electron co llis io n s  and volume plasmon decay, Chung and Everhart 
assumed that these suffer no scattering on the ir way to the surface. In 
addition, SEs excited In the above way suffer a once only scattering before 
escaping Into vacuum across the potential barrier. In the case of single 
pa rtic le  excitations due to surface plasmon decay, these are assumed to 
escape a fte r creation without subsequent scattering, due to the ir proximity 
to the surface. Chung and Everhart have considered Inelastic MFP, mean 
escape depth and refraction effects at the surface to relate the external 
angular and energy d istribu tion  to the Internal d istribution . Rosier and 
Brauer have solved the Boltzmann transport equation In which they also took 
Into consideration e la s t ic  scattering of the Internal secondaries. B1ndi 
et al have used a s im ilar approach.
5.2.4.3 Applications to A ln ln lu i
The above theoretical analysis of SEE has been applied to aluminium by 
Chung and Everhart, and Rosier and Brauer for primary electrons of energy, 
Ep = 1 - 2  keV, Incident normal to the surface. In summary, Interesting 
variables calculated Include the external energy and angular d istributions 
of the true secondary electrons and the true and total y ie lds 6 and o. The 
tota l SE current Is expressed as a sum of each Individual contributing 
process and the Integration of the externally observed SE current over a ll 
angles of a hemisphere gives the energy d istribution
J(E) * / J(E,n) dn ...(5.23)
The angular d istribution of the true SEs was obtained by Integration over 
the conventional energy range
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J(n) * J 0° J(E,ü) dE (5.24)
and the total y ie ld  o 1s given by
o = /|jP J(E) dE
50 Ep7 J(E) dE + f j ( E )  
0 50
dE 3 ô + n (5.25)
True SE generated by the Incident and backscattered primaries are also 
given by 6 = 6p + 065 and coeffic ient 3 * fy/fip > 1 defines the empirical 
production e ffic iency of backscattered primaries for SEs.
The results of Chung and Everhart for the external secondary EDC and Its 
derivative are shown 1n Figs. 5.5(a) and 5.5(b). The following parameters 
were used Ep 3 11.6 eV, * 3 4.0 eV, Ep 3 1 and 2 keV, and rs and rB of 1 eV 
and 2 eV (rs and rB are the plasmon damping parameters, which determine the 
plasmon peak FWHM width, which In turn depends on the nature of the sample 
surface, whether single crystal or polycrystal 11 ne surface and grain 
sizes).
The above theoretical results for the external EDC show the contributions 
by volume plasmon decay, electron-electron scattering and surface plasmon 
decay. The dominant contribution Is due to volume plasmon decay. Also 
predicted, are two broad humps on the EDC at and tiu  ^ - *AL which 
correspond to 6.0 and 10.5 eV above the vacuum leve l. Good overall 
agreement exists between theoretical and experimentally obtained EDCs and 
the ir d iffe ren tia ls  (see section 6.2.3 ). Also the calculated cascade peak 
width are In good agreement with experimental values.
F1g.5.6(a) shows the angular d istribution of SEs fo r Es 3 2 eV as calculated 
by Rosier and Brauer. As can be seen the d istribu tion  1s pure cosine like , 
confirming Jonker's experimental resu lts, and contributions by
Q)
Fig. 5.5 (a) Calculated secondary electron d is tribu tion  curve (EDC).
d ifferentia ted , (b) EDC. N(E) and contribution to i t  
by surface and bulk plasmon decay and screened electron- 
electron scattering (reproduced from Chung and Everhart 1977).
9o
Q)
025
b)
1 0 .  t s  2 0
fp (k e Y )—
pig . 5.6 (a)Angular d is tr ib u t ion of secondary electrons and contributions
,bji core-excitation (1). e lec tron-electron scattering (2). plasmon 
decay (3) and total contribution to the angular distribution (4Ì • 
(b)Energy dependence of the true y ie ld  and contributions to 1t by 
same roechanlsms as above (pm ad iie id  from Rnti»>- »nd*»Mii»r lom i
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electron-electron scattering (2), core electrons (1), volume plasmon decay 
(3), and total d is tribu tion  (4) for Ep - 2 keV are also I llu stra ted .
The secondary electron y ie ld  calculations of Rosier and Brauer also give 
good agreement with experiment. F1g. 5.6(b)shows the contribution of 
core-electron, electron-electron scattering volume plasmon decay to the 
true secondary y ie ld  6p as a function of primary electron energy Ep from 1 
to 2 keV.
In table 5.1 numerical values of SE y ie ld  6p for Ep = 2 keV have been 
summarised. These calculated values of 6p by Rosier and Brauer are a 
factor of two, less than the experimentally observed values.
B1nd1 et al and Ganachaud and Cal H e r have also obtained resu lts of 
theoretical calcu lations of the secondary y ie ld  s and Its dependence on Ep 
In the range 0.4 - 2 keV. Their results also show good agreement with 
experiment. The discrepancies with experimental values can be attributed 
to various sim plify ing assumptions stated at the beginning of the chapter. 
Also contributions to the true y ie ld , due to Auger and Ionisation processes 
and d iffraction  effects where enhancement of emission can occur at 
particu lar external angles to the normal have not been considered and th is 
effect w ill be prevalent for single crysta ls of aluminium.
S.2.4.4 Conclusions
In th is chapter a semi-empirical basic theory of SEE has been given, 
followed by a description of resu lts of a quantum mechanical treatment of 
the production o f SEs. The cascade theory of SEE gave good qua lita tive  
results for the external energy d istribu tion  of SEs. In the second part of 
the chapter, the SEE theories dealing with plasmon decay mechanism was
Table 5.1 Summary of numerical calculated values of secondary electron 
y ie ld  5p (due to the primary electrons) by Rosier and Brauer. and 
Chung and Everhart for Ep = 1 and 2 keV.
Primary Energy 6p Contribution by
Ep (keV) c-e e-e VP
Rosier 1 0.14 0.01 0.03 0.09
and
Brauer
2 0.10 0.01 0.02 0.07
Chung 1 0.051
and 2 0.038
Everhart
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considered. Contribution by these to the EDC and y ie ld  was shown to be 
dominant particu la rly  for aluminium. Fine structure observed on the EDC 
was correctly predicted by th is theory.
In the next chapter a review of the experimental SEE studies performed on 
aluminium and oxygen exposed aluminium surfaces w ill be reviewed.
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CHAPTER SIX
REVIEW OF EXPERIMENTAL SECONDARY ELECTRON EMISSION YIELD STUDIES OF CLEAN 
AM) OXYGEN COVERED ALUMINIUM SURFACES
6.1 Introduction
Clean and oxidised surfaces of aluminium have been extensively studied by 
use of secondary electron y ie ld  measurements. The primary aim of these 
studies had been to establish the su ita b ility  of A1203 1n technological 
applications and to test various theories of SEE which had been developed 
1n terms o f experimentally measured y ie ld  parameters.
This chapter w ill review some of these studies, together with electron 
transmission and reflection  characteristics of se lf supporting A1 films 
bombarded by keV electrons. Particu la rly  the contribution of the 
In e la s tlca lly  backscattered primary electrons to the total y ie ld . Also In 
th is  chapter, a small number of recent experimental studies which have 
concentrated on measuring the evolution of the total y ie ld  with oxygen 
coverage 1n UHV environments on very clean aluminium sample surfaces w ill 
be reviewed. In particu lar those experiments which sought to examine the 
contribution of decaying plasmons to the slow secondary electron
l
d istribu tion  and hence to the tota l y ie ld .
F ina lly , the role of SEE 1n ESD and decomposition w ill also be reviewed, 
since th is  aspect plays a major role In the determination of desorption 
cross-sections with primary energy.
6.2 True, Total and Back scattering Coefficient Measurements from AluMnlm 
Surfaces
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Thomas and Pattlnson (1970) have measured the total secondary electron 
y ie ld  o, and the backscatterlng coeffic ient n, as a function o f primary 
electron energy Ep In the range 75 - 2000 eV. They deposited 1n-s1tu thin 
films of aluminium of known thickness (25 - 750 A) monitored by a quartz 
crystal micro-balance, on to substrates of Pt, Au and Ag which exhib it 
backscatterlng coeffic ients much higher than aluminium. They recorded a 
and n plots, automatically within a matter of seconds by d irect measurement 
of the ra tio  of the collected secondary current to the Incident primary 
current. Such a typical set of a, plots for aluminium film s of thickness 
25 - 650 A, deposited onto a Pt substrate Is shown In F1g. 6.1(a) and 1s 
reproduced from Thomas and Pattlnson.
Curve J 1s characteristic of bulk aluminium and no contribution from the 
underlying substrate 1s apparent. Its shape 1s typical o f total secondary 
electron y ie ld  curves for other materials. The In it ia l smooth rapid r ise  
In a at low Ep 1s followed by a broad maximum at several hundred electron 
vo lts , after which It slowly decreases.
Thomas and Pattlnson report a value of 0.96 for o ^ ,  which occured at an 
Ep o f 350 eV. Kollath (1956) also determined the value o f to be 0.95 
but Dobretsov and Gomoyunova (1966) reported a value of 0.89. At an Ep of 
2 keV, Dobretsov and Gomoyunova, and Bronshtein and Denisov (1967) quote 
y ie lds of 0.51 and 0.49 respectively, compared with 0.66 of Thomas and 
Pattlnson whose measurements were probably more accurate due to the ir 
measurement technique and UHV conditions.
It 1s apparent from F1g. 6.1(a) that at higher primary energies of 1 - 2 
keV the contribution to the total y ie ld  of A l, by the underlying substrate 
1s s ign ifican t up to 650 A thick layers. F1g. 6.1(b) which has also been 
reproduced from Thomas and Pattlnson shows the variation o f n as a function
a)
b)
F1g. 6.1(a) a characteristics of thin films of A1 on Pt substrate.
Curves A. Pt: B. 50; C. 75; D. 100; E. 150; F, 200; G, 350; 
H. 450; I. 650 A; J th ick A1 film .
(b) n versus Ep characteristic  of thin films of A1 thicknesses 
as in (a) (reproduced from Thomas and Pattinson 1970).
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of Ep. For a thick A1 film  ( > 1000 A ) n Increases steeply at f ir s t ,  
reaching a value of .23 at around 250 eV. There a fter 1t remains constant 
up to 2 keV. A backscatterlng coeffic ien t of 0.23, Implies that 23% of the 
Incident primaries, after under going Ine lastic and e la s t ic  co llis ion s  with 
the sample atoms, escape as secondaries. Of course there 1s no way one can 
distinguish these from true secondaries except by an arb itrary energy cut 
o ff lim it  of 50 eV above which a ll the electrons are supposed to be 
backscattered primaries.
Bronshtein and Fralman (1961) have quoted a value of 0.21 at 2 keV and 0.22 
at 1.2 keV. However Sternglass (1954), Holliday and Sternglass (1957), and 
Kanter (1961) found a backscatterlng coeffic ient of 0.14 at 2 keV. But 
the ir samples had been evaporated In very poor vacuum conditions, on 
n itroce llu lose  backing film  which were subsequently baked at atmosphere at 
room temperatures of 200°C to give se lf supporting films of various 
thickness.
Consequently the films developed thick oxide layers on the surface and more 
probable oxygen and carbonaclous contamination throughout the bulk. These 
samples were subjected to bombardment by keV electrons to determine the 
re flection  and transmission coeffic ients of the materials and estimate the 
rate of energy loss l . e . , the stopping power, and determine the range of 
the primary electrons as a function of primary energy.
At the time 1t was assumed that, since only the back scattered electrons 
were co llected, th is  represented a property of the bulk and the 
contaminated surface did not Influence the fina l resu lt, since the true 
secondary electrons were not collected. ( these emerge from the top few 
atomic layers o f the surface and are very strongly dependent on the 
topography, physical and chemical nature of the surface.)
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Thomas and Pattinson were also able to obtain estimates of the primary 
electron range R, from development of o and n plots as a function of 
primary energy for progressively thicker A1 films (25 - 1000 A ). At 
certain primary energies, breaks In the o p lo t, correspond to that film  
thickness for which, the primary electron has su ffic ien t energy to 
penetrate the A1 film , Interact with the substrate and return through the 
A1 film  and just escape as a backscattered electron. This distance 
corresponds to twice the film  thickness which was shown by the transmission 
and re flection  experiments of Lane and Zaffarano (1954), Young (1956), 
Holliday and Sternglass (1957) and Cosslet and Thomas (1964).
Fig. 6.2 Is reproduced from Thomas and Pattlnson and shows the primary 
electron range R(A) against primary electron energy which extended down to 
200 eV. This so called energy-range relationship Is of the form R = K Eg 
where the exponent n was measured to be 1.3 fo r A1 ( n 1s normally assumed 
to be 2 l . e . , the Thomas-Whlddlngton law) and K 1s a property o f the bulk 
and hence d ifferent for d ifferent materials. The range-energy relationship 
1s quite an Important parameter 1n deriving SEE theories because 1t can be 
used to make estimates of the number of secondary electrons generated by 
the penetrating electrons as they slow down (see also section 5.2.1).
Thomas and Pattlnson were also able to obtain an estimate of the escape 
depth Xs , of the true secondaries (Es = 0 - 50 eV) from plots o f 6 = [a - 
n) versus film  thickness d for various values of primary electron energy.
6 decreases with Increasing film  thickness. The value of Xs was determined 
by extrapolation and varied between 50 - 80 A +10 A.
The Importance of the contribution of the backscattered primaries to the 
slow secondaries was demonstrated by Bronshtein and Segalj and Kanter. On 
the ir way to the surface, backscattered electrons lose energy via
Fig. 6.2 Maximum range against primary energy as obtained from A1 on Pt (x) 
Au (?) and Ag (•) substrates (reproduced from Thomas 
and Pattinson 1970).
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co llis ion s  and liberate more secondary electrons due to the cascade 
process. Kanter (1961 ) measured the fractional backscatterlng ra tio  
n/nbuik anc* fractional true y ie ld  6/«bulk from various f ilm  thickness of A1 
and bulk aluminium. He plotted these fractional terms as a function of 
primary energy 1n the range 1 - 1 0  keV. By extrapolation to zero 
fractional backscatterlng ra tio , the fractional true y ie ld ,  was determined 
to be 0.60. Thus Kanter had shown that the backscattered primaries 
generated 40% of the true secondaries even though the ra t io  to the Incident 
beam was only 0.14. (c f Thomas and Pattlnson's 0.22).
An e ffic iency parameter a had been defined to estimate the effectiveness of 
the backscattered electrons 1n generating slow secondaries and Thomas and 
Pattinson estimated the values of p to l ie  1n the range 5.8 to 3.2 for Ep = 
1 - 2  keV. Bronshtein and Segal, and Kanter had obtained very sim ilar 
figures.
Secondary electron y ie ld  parameter measurements on evaporated aluminium 
reported by Thomas and Pattlnson would appear to be the more re liab le  
because of the use of UHV. Even though at the time the surface could not 
be d irec tly  characterised by AES. More recent measurements would appear to 
confirm th is .
P111 on and Ganachaud et al (1977) have used a four grid LEED/AES 
spectrometer with a coaxial electron gun to characterise a clean surface of 
single crystal of A l(421) by AES and ELS methods. The sample surface 
previously had been 1on sputtered and annealed for several cycles. Total 
secondary electron y ie ld  o as a function of primary electron energy up to 
600 eV was measured for normal Incidence. From the ir y ie ld  plot, a^ ax has 
a value of 0.98 and occurs at a primary energy of 250 eV. This value of 
°max *n very good agreement with that of Thomas and Pattlnson, but they
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found th e ir  Epmax to be at 350 eV. Bronshtein and Fralman report an Epmax 
at 400 eV which Is much higher than the value quoted by Thomas and 
Pattlnson.
Bindi, Lanteri and Rostalng (1980) who have used s im ila r apparatus to 
P i l l  on and Ganachaud et a l,  report s im ila r to ta l y ie ld , and true y ie ld  
parameter measurements to Thomas and Pattlnson for evaporated aluminium 
films. The differences 1n the resu lts does appear to be due to the nature
of the surfaces . Evaporated films displaying higher E^g* than single 
crysta ls  o f Al,
PHlon and Ganachaud et a l, and Bindi et al have also presented theoretical 
models o f  SEE based on Monte Carlo Simulation methods and three step models 
as discussed In section 5.2.3, and these have been tested by the ir 
experimental y ie ld  resu lts which w il l further be discussed 1n section 
6.2.3. C a llle r , Ganachaud and Roptln (1981), also show the varia tion  of 
the backscatterlng coe ffic ien t  ^ with primary energy up to 600 eV for a 
clean s ing le  crystal o f A l. For a primary energy range o f 100 - 230 eV, n 
Increased and reached a maximum around 230 eV at n= 0.22, by 600 eV nhad 
decreased to 0.20.
Fig. 6.3 shows the variation o f oand n as a function o f Ep, as reported 
by the most recent workers. The most s tr ik ing  difference does appear to be 
the location of Epniax which 1s much higher fo r evaporated polycrystal line  
samples than for single c rysta ls  of aluminium.
6.2.1 Total and True Yield of Fully Oxidised Al Surfaces
The to ta l secondary electron emission y ie ld  o o f a clean metal surface 1s 
known to  Increase upon oxidation considerably. Consequently fu lly  oxidised
XflXIS : SCALE = X » (102)
YRXIS : SCALE : T . (l(T1)
SUT0/PB/09 JUL 1985
Fig. 6.3 Variation of o, 6 and n as a function of Ep as reported
by most recent workers ( x. + and»Root 1n 1975;>-.AThoinas and 
Pattlnson l970;BB1nd1 et al 1980; 0  Bronshtein and Fralman 1961
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metal surfaces exhibit very large secondary electron y ie ld s . There are 
very serious practical problems associated with y ie ld  measurements o f 
Insulators, due to surface charging, and consequent electron beam Induced 
effects (as discussed 1n chapter 3). The number o f published data on A1 £  3 
1s very small and these date back to the 1930's and 1960's. Brulnlng and 
de Boer (1938), Salow (1940) and Shulman and Makedonsky et al (1953), have 
reported a measurements fo r Al ¿3 j film s on conducting substrates using 
pulse techniques.
Values reported vary between 2 - 9  and some o f these variations may be due 
to contaminated surfaces since the experiments were conducted in high 
vacuun conditions. The primary electron energy at maximum y ie ld  was 
reported to be around 700 eV. Dawson (1966) employing sim ilar pulse 
methods and charge neutralisation techniques, reported true secondary 
electron y ie ld  i, measurements for various commercial ceramics Including 
sapphire. His measurements were carried out 1n UHV conditions, for normal 
Incidence electron beams in the energy range 10 - 3000 eV.
For the unpolished, as received sapphire surface, the true y ie ld  maximum 
,^ax was reported to Increase from 6.4 to 7.8 when the surface had been 
highly polished and ground. The corresponding primary energy occured at 
650 eV. The Increase in y ie ld  a fte r polishing Implied that the orig ina l 
surface was probably heavily contaminated with a carbonacious layer which 
Inhib its secondary electron emission. Fig. 6.4 shows 6 as a function o f 
Ep for the unpolished and polished sapphire surfaces reproduced from Dawson 
(1966).
6.2.2 Variation of SEE Yield with Oxygen Exposure of Al Surfaces
Fig. 6.4 True y ie ld  6 versus Ep for the unpolished and polished
sapphire surfaces (reproduced from Dawson 1966).
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In the preceding sections 1t was established that, 78% o f the to ta l maximum 
y ie ld  o f a clean aluminium surface 1s entire ly  due to  the true secondary 
electrons l.e . of energy 0 - 5 0  eV. Of these 40% were estimated to be 
d ire c tly  generated by the energetic 1nelast1cally backscattered primary 
electrons, but a small percentage of the e la s t ic a lly  scattered electrons 
also contribute to the tota l y ie ld . The variation o f  a and Its components 
as a function of oxygen exposure has not been studied widely.
But Its  values are expected to He In a range for that of clean A1 and 
fu lly  oxidised A1 surface. One such study was carried  out recently by 
Pe lle r in  and Le Gressus (1980), who have investigated the contribution of 
the true secondary electrons, Ine lastlca lly  and e la s t ic a lly  backscattered 
electrons to the tota l y ie ld  a for a clean A1 surface which was 
subsequently exposed to oxygen at various levels. The primary energies 
employed were In the range 30 - 400 eV.
The polycrystal lin e  sample was subjected to various argon Ion sputter and 
anneal cycles. The surface cleanliness was confirmed by AES and ELS 
employing a CMA with a coaxial electron gun. The clean surface was exposed 
to oxygen In the range 0 - 1 0  L and slow secondary electron spectra (0 - 
30 eV), e la s tic  peak spectra (Ep ± 2 eV) and electron loss spectra (Ep-2)
- 28 eV was recorded. They measured the total y ie ld  a by monitoring the 
absorbed sample current and Incident primary current such that o= (Ip - 
Ia)/Ip . Since the spectra were acquired In the EN(E) mode, a correction 
was made to take Into account the CMA resolution and converted to N(E). 
P e lle r in  and Le Gressus then Integrated the spectra within appropriate 
lim its  to give areas corresponding to the slow secondary electron current 
a, the electron loss current p and the e la s tic  peak current >
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The resu lts reproduced from Pe lle r in  and Le Gressus are shown In Fig. 6.5 
which shows the varia tion  of o, a, 8 and y with oxygen exposure for a 
primary energy of 100 eV. From th is  figure 1t 1s c lear that 8 decreases 
with oxygen exposure while a, and a increased smoothly and y showed a 
sudden increase around 10-15 L. Pe lle r in  and Le Gressus also report that 
the general evolution of the parameters o, a, 6 and y with oxygen exposure 
were s im ila r for other Ep ( 30, 50, 250, and 400 eV) with following 
observations, that fo r Ep < 250 eV y, dominates the entire N(E) curve and 
provides the major contribution to o. For Ep > 250 eV, a provided the 
major contribution to o. The electronic processes, contributing to the 
slow secondary electron current and the shape of the experimental slow 
secondary electron y ie ld  curves of A1 have been discussed in chapter 5 and 
w ill fu rther be discussed in the next section. The value of o10g fo r the 
clean A1 surface as found from Fig. 6.5 to be 0.67 and after 10** L of 
oxygen exposure to 1.17.
From chapter 4, i t  is  c lear that the chemisorption stage (0 - 30 L) is  
followed by oxidation. This is  known to enhance the number of escaping 
electrons due to an increased escape depth of secondary electrons and which 
results from a modification of the band structure and the effective work 
function (electron a f f in ity  X + Eg band gap and th is  aspect has been 
discussed in  section 4.2.3).
It seems that the conclusions reached by Pe lle r in  and Le Gressus on the 
contribution of a to a may have been under estimated largely due to the 
u n re lia b ility  of the CMA when very low energy spectra are being recorded 
(see Appendix B). The CMA is  known to d is to rt the true secondary electron 
spectra ( i .e .  EDC) due to the erroneous transmission of the CMA . 
Therefore a is  expected to dominate a even down to 100 eV. This conclusion
_______ I________ I_______ l________ u
10° 101 102 103 10A
Oxygen Exposure ( L )
Fig. 6.5 Variation of tota l y ie ld  o. e la s t ic  peak current y 
plasmon loss current B and slow secondary electron 
current a with oxygen exposure. Ep = 100 eV and spectra 
obtained with a CMA (reproduced from Pe lle rln  and Le Gressus 
et al 1980).
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o f Pe lle rln  and Le Gressus w ill be further discussed 1n the resu lts and 
discussion o f chapter 8.
Pe lle rln  and Le Gressus 1n an extentlon of th e ir resu lts , a fter examining 
the secondary EDC and the fine structure superimposed on 1t, as well as ELS 
spectra, reached the conclusion that the contribution to the EDC by plasmon 
relaxation was small compared with s ing le  electron excitations from the 0  ^
chemisorption resonance level and several fin a l states above Ep. This 
aspect of th is  paper was further reviewed in section 4.2.3 and w ill further 
be discussed In the next section (6.2.3).
6.2.3 Plasmon Decay Contribution to SEE from Alunlnlum
The slow secondary electron d is tr ibu tion  curve EDC, normally has a peak 
around 1-2 eV above the vacuum le v e l,  and FWHM of 8 eV and a smooth 
p ro file . This picture Is true for most materials. But the assumption that 
the slow secondary EDC, carries no sp e c if ic  Information about the material 
was shown to be wrong with the advent o f high resolution electron 
spectrometers, which revealed fine structure superimposed on to the EDC, 
several eV's above the vacuum leve l. That these may be d ire c tly  due to 
decaying plasmons excited by the Impacting primary electrons was f i r s t  
suggested by Gornyl, Rakhovlc and Skirko (1967) when they observed such 
structure on the EDC o f evaporated film s of Aluminium. Since then, a 
succession of research workers have shown the existence o f such structure 
and these have been linked d ire c tly  to  the plasmon loss peaks accompanying 
the e la s t ic  peak.
Among those workers who have reported such structure are Jenkins and Chung 
(1971), Powell and Woodruff (1972), Wright and Pattlnson (1972), and 
Henrlch (1973). These authors have a l l  used 3 or 4 grid retarding grid
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analysers, and employed a variety of A1 samples including single crysta ls. 
The sample surfaces were subjected to cycles of argon ion bombardment and 
annealing. N(E) and dN(E)/dE spectra of the slow EDC showed fine structure 
at 5.5 and 10.5 eV above the vacuum leve l. The 5.5 eV correlated with the 
appearence of the 10.5 eV surface plasmon loss peak and the 10.5 eV EDC 
peak with the 15.5 eV bulk plasmon loss peak. More recently Ozkok (1983), 
and Ozkok, Webber and Dobson (1983) reported very sim ilar results u t ilis in g  
a photometer to measure angle-integrated and angle-resolved spectra from 
the LEED screen.
The retarding grids of the RFA were appropriately biassed so that spurious 
slow peaks associated with SEE from the grids were safely ruled out. The 
fine structure on the EDC were found to be very sensitive to surface 
contaminants, pa rticu la rly  the 5.5 eV peak. (Auger effects d iffraction  
effects and band structure effects were ruled out).
Powell and Woodruff, suggested that the fine structure observed on the EDC 
is due to decay of plasmons which excite single electrons from top of the 
Fermi level across the surface barrie r into vacuum. Aluminium has a work 
function of = 4.0 eV and the effective analyser work function is  also = 4.5 
eV. Hence the structure appear at Tiug - * and Fia>$ - * above the vacuum 
leve l.
Henrich on the other hand, proposed a d ifferent mechanism to account for 
the orig in  of these peaks. He suggested that the hot electrons inside the 
so lid with energy Es > Tku>g + Ep have a high probability of exciting bulk 
plasmons Hug and hence lose energy, thereby decreasing the density of 
electrons above Ttug + Ep hence th is  would resu lt in a change of slope 
around Hug - « on the EDC. A s im ila r argument would also apply to the 
surface plasmon linked peak.
In an attempt to discover the true o rig ins of the observed structures on 
the true secondary EDC o f clean and s lig h t ly  oxidised A1, Everhart and 
Saekl et al (1976) using a s im ila r experimental set up to Henrlch but 
employing sample bias modulation techniques have recorded N(E) and dN(E)/dE 
spectra of EDC and ELS regions.
The results o f Everhart and Saekl et al have been reproduced In F1g. 6.6 
which shows low energy spectra obtained for various primary electron 
energies for the sputter cleaned polycrystal lin e  sample. E ssen tia lly  these 
results confirm the previous work already reviewed. In that fo r the 
s lig h tly  oxidised surface the EDC became narrower, structure associated 
with the surface plasmon disappeared and the bulk plasmon linked peak 
decreased substantia lly. From a consideration o f the plasmon dispersion 
re lation, Everhart and Saekl et al have concluded that plasmon decay Into 
single electron excitation and energy loss through plasmon creation 
mechanisms could both be plausib le but preferred the former because the 
d iscontinu ities suggested by Henrich were not observed on the EDC.
P illo n , Roptln and C a llle r  (1976) have produced a more convincing 
experimental evidence towards the plasmon decay hypothesis. Using a single 
crystal (421) o f aluminium P illo n  et al recorded true secondary electron 
spectra and ELS from the oxidised and clean Al surfaces. They also noticed 
that the EDC corresponding to the clean surface had structures at 5.5 eV 
and 10.5 eV above the vacuum level and was rather broad. Where as for the 
s lig h tly  oxidised surface, the EDC was narrower with the 10.5 eV feature 
recognisable as a hump. Also for the clean surface, P illon  et al noticed 
that the Intensity of the 10.5 eV surface plasmon loss peak diminished 
sharply, when Ep fe l l  s lig h t ly  below 30 eV. From these observations P illon  
et a l, dismissed Henrlch's hypothesis since th is  had predicted structure on 
the EDC for the surface plasmon peak l.e . E$ > + Ep *20 eV, was not
Ep = l.5keV
Fig. 6.6 Experimental slow secondary electron spectra N(E) and 
dN(E)/dE obtained at various Ep. for clean A1 surfaces 
using an RFA ( reproduced from Everhart et al 1976).
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observed.
Further more, they produced a qua lita tive  estimate of the contribution of 
the decaying plasmons to the SEE observed on the EDC. This they did by 
noting the Increase In the area under the plasmon loss peaks upon cleaning 
o f the sample surface and noting the resultant Increase 1n the area under 
EDC. This procedure 1s shown 1n Fig. 6.7 which 1s reproduced from P lllo n  
et al (1976).
Another observation which makes Henrlch's hypothesis o f SEE production 
through energy loss via plasmon creation un like ly, 1s the fact that 
d iscontinu ities are to be expected at energies fi^j - Instead a ll
experimental results point to structures 1n the form of humps.
The importance of the plasmon decay phenomenon to the secondary electron 
emission from A l, was rea lised by Chung and Everhart (1977), P illo n  and 
Ganachaud et a l, B1nd1 et al (1980) and more recently by Rosier and Brauer 
(1981) who have devised theoretica l calculations and models, which show the 
plasmon decay contribution to SEE and hence y ie ld  to be very important. 
These theories have already been introduced in chapter 5. Chung and 
Everhart's theory successfully predicts the plasmon decay structure on the 
EDC.
6.3 Electron Beam Effects due to SEE
This aspect of secondary electron emission was already Introduced in 
chapter 3. SEE, plays an Important ro le  in the studies o f electron 
stimulated desorption and decomposition from gas adsorbed metal surfaces 
and Insulators. Since for most o f the ESD processes, threshold energies 
occur 1n the range 10 - 40 eV, the primary energy dependence o f the
(3) N
5 10
Energy (eV)
Fig» 6.7 Changes In the EPC due to variation in the re la tive  Intensity 
of the plasmon loss peaks ( reproduced from P lllo n  et al 1976).
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secondary electron y ie ld  becomes an Important parameter to consider 1n such 
studies.
The primary electron energy dependence o f the measured tota l desorption 
cross-sections, can be described In terms of the magnitude o f the energy 
d istribu tion  o f the secondary electrons, since the true secondary electrons 
dominate the to ta l y ie ld  for primary electron energies 1n excess o f 100 eV. 
For high primary energies (keVs) the to ta l y ie ld  w ill be decreased and 
hence the contribution o f the slow secondaries to e lectronic excitations 
w ill also be decreased as they d iffuse  through the surface layer. 
Therefore, for high k inetic  energies, low energy secondaries e ffective ly  
determine the to ta l desorption cross-sections.
This aspect (1.e. the total desorption cross-sections) has not been widely 
investigated, and no lite ra tu re , sp e c if ica lly  on A1 has been found. But 
Lambert and Comrle (1973) who have Investigated desorption o f CO from 
P t ( l l l )  face using Auger techniques, showed that the measured tota l 
desorption cross-section due to the 1.5 keV primary beam was 10 times 
smaller than that due to the secondaries emerging through the adsorbed 
layer. (I.e. 2.5 x 10" ^compared with 2.5 x 10 “ ^ cm 2). Johanssen,
Spicer and Strausser (1976), have also demonstrated, a decreasing 
desorption cross-section with increasing primary energy (1-3 keV) from 
s ilic o n  dioxide surfaces, Investigated by AES. This was d ire c t ly  linked to 
reduced secondary electron y ie ld  with primary energy.
Hence a knowledge of the secondary electron y ie ld  properties o f surfaces 
can point to a sensible choice o f Ep to use for AES studies fo r which beam
effects can be minimised.
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6.4 Sunaary and Conclusions
In th is chapter previous experimental secondary electron y ie ld  measurements 
performed on clean and oxygen exposed aluminium surfaces has been reviewed. 
For the clean surface, the tota l y ie ld  was found to be approximately 1, but 
the location of the primary electron energy at maximum y ie ld  was found to 
depend on the nature of the sample. The oxidised surface exhibits very 
large total y ie ld s . The contribution of decaying plasmons to the y ie ld  had 
been deduced from ELS and slow secondary EDC spectra. In the next chapter, 
the experimental apparatus and procedures used in AES, beam effect and SEE 
measurements w ill be presented.
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CHAPTER SEVEN
EXPERIMENTAL APPARATUS AND PROCEDURES
7.1 Introduction
The experimental apparatus, consists of an u ltra high vacuum UHV, specimen 
treatment chamber STC, and specimen analysis chamber SAC, vacuum 
Instrumentation and detection e lectronics for Auger electron spectroscopy 
AES, and secondary electron emission y ie ld  studies. In th is  chapter, the 
apparatus and the experimental procedures used 1n the two techniques have 
been described.
7.1.1 UHV Apparatus and Associated Instruwntatlon
The stainless steel experimental UHV chambers consist of a specimen 
treatment chamber STC, and a specimen analysis chamber SAC separated by a 
gate valve. A ll Internal and external materials used 1n the construction 
of the apparatus are UHV compatible and before assembly a ll components were 
thoroughly cleaned as described 1n most standard texts on vacuum science 
and technology.
Fig. 7.1 shows a schematic diagram of the STC and the SAC. The SAC houses 
the retarding fie ld  analyser RFA, and the electron gun. This chamber was 
mainly pumped by a 140 L/s Ferranti getter 1on pump. The chamber could 
also be Independently roughed out by a single sorption pump and an 8 L/s 
Ion getter pump, which helped to lower the pressure 1n the SAC su ffic ien tly  
to enable the start of the bigger 140 L/s Ion pump. The sorption pump was 
Isolated from the SAC by an a ll metal bakeable valve.
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F1g. 7.1 A schematic diagram of the sample treatment and analysis 
chambers (STC and SAC) and associated Instrumentation.
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The STC was pumped by a water cooled polyphenyl o il charged, d iffusion pump 
(Edwards E02) backed by a rotary mechanical pump. A liqu id  nitrogen cold 
trap between the d iffusion pump and the STC prevented o il backstreaming and 
a bakeable fo re line  trap was also Installed between the diffusion pump and 
the rotary mechanical pump. The STC, housed a Bayard-Alpert ionisation 
gauge (VIG 17, with VG IGP3 contro ller) working pressure range 10"3- 10_u  
to rr  for measurement of argon and oxygen pressures and a quadrupole mass 
spectrometer (VG micro-mass Q4) mass range 2-60 a.m.u. for residual gas 
analysis, leak detection and general pressure measurement.
The STC also holds the saddle f ie ld  ion source for sample sputtering and 
it s  argon gas admission system which are described in  sections 7.1.3.1 and
7.1.3.2. The STC further incorporates the molecular oxygen dosing system 
fo r adsorption studies and th is  1s described in section 7.1 .4.2.
For achievement of UHV the experimental apparatus was baked for a period of 
15 hours at a temperature of 250 °C as measured by a copper constantan 
thermocouple. During the bake out the gate-valve separating the two 
chambers was le f t  open and the 140 L/s ion pump was baked into the 
d iffusion pump. While the system was s t i l l  hot i.e . 100 °C, a ll filaments 
were outgassed, th is  enabling a more rapid achievement of UHV. But p rio r 
to th is , considerable d if f ic u lt ie s  were encountered with unreliable 
components. This took a long time and a lo t of e ffo rt to correct.
7.1.2 Sample Mounting and Manipulation
The polycrystal lin e , 0.5 mm thick aluminium sample was supplied by 
Goodfellow Metals Ltd and was quoted to be of 99.999% (5N) purity. The 
sample was cut into a disc measuring 15mm In diameter. It was mechanically 
polished to a m irror f in ish  ultimately using grade A (0.1 urn) diamond
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paste. P ictures taken with an optical microscope Indicated the surface to 
be re la tive ly  free from polishing scores.
The sample holder was made up of a sta in less steel block with four faces. 
The aluminium sample was secured to one of the faces by use of spot welded 
tungsten wire. A 12 rim deep, 3 mm wide Faraday cup was d r ille d  Into one of 
the faces and coated with gold black, for measurement of electron beam 
currents. A fluorescent tab le t, containing z1nc-ortho-sH1cate (Zn^KH), 
was also mounted on to a free face for location of the electron beam and 
estimating Its size.
The sta in less steel sample holder was attached to the end of a stain less 
steel shaft by means of a chuck arrangement. The shaft was part of the 
sample transfer and manipulation device. This device designed and bu ilt  
within the department, consists of an edge welded bellows, a VG Independent 
rotary drive.
The sample end of the shaft, can be extended along the axis of the edge 
welded bellows up to a distance of 375 mm by means o f a rack and pinion 
drive. The sample holder could also be rotated by means of the rotary 
drive through 360*. E le c tr ica l connection to the sample holder was 
achieved by fish-spine bead Insulated nickel wire, through the hollow 
centre o f the transfer shaft. The wire Is eventually taken outside vacuum 
via an e le c tr ica l lead through on a standard sized vacuum flange. The 
transfer shaft was Insulated at several places along Its length by 
machinable alumina ceramic.
Apart from linear and rotational motion, the sample could be moved side to 
side or up and down ( up to 10 inn ) with reasonable reproduceab111ty, by 
means o f another bellows device which was attached to the linear transfer
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device. The x-y-z movement on th is  fina l stage, was achieved by d istorting 
the bellows by three adjustable screws. The lin ea r transfer device and the 
x-y-z manipulator was attached to the STC via a 170 imi flange. Inside the 
STC the sample surface could be turned to face the argon 1on source for 
sputter cleaning or the effusion source for adsorption experiments. At the 
end of e ither operation, the sample was transferred Into the SAC and placed 
at the correct position with respect to the RFA fo r analysis.
7.1.3 Preparation of Clean Sample Surfaces
The polycrystal lin e  aluminium surface could be cleaned 1n several ways. 
Either by electron bombardment or cycles of argon 1on bombardment with or 
without annealing. In the f i r s t  technique, the sample was heated by 
electron beam bombardment by employing high electron current densities at 
high energy and subsequent removal of contaminants by thermal desorption 
and by electron stimulated desorption. The source of the thermionic 
electrons was from a nude 1 kW projector filament In the v ic in ity  of the 
sample. With th is technique the surface was found to s t i l l  contain traces 
of contaminants, mainly oxygen and carbon as established by AES spectra 
taken soon after heating.
The more satisfactory cleaning technique f in a lly  adopted was by argon Ion 
bombardment using a saddle f ie ld  argon Ion source which Is described next.
7.1.3.1 Saddle Field Ion Source
The 1on gun used to generate energetic argon 1ons for sputtering the 
aluminium sample was a B21, wide beam saddle f ie ld  Ion source manufactured 
by Ion Tech. Ltd. The operation of th is d.c. energised cold cathode 
source 1s based on the effect that electrons describe long osc illa to ry
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paths in the presence of e le c tro sta tic  saddle potential f ie ld  between two 
cy lin d r ica l anodes (Franks 1979). Any gas present in the source is  ionised 
and extracted through an aperature in the cathode which forms the outer 
casing. The emergent ion beam 1s divergent and contains a number of 
neutrals. The discharge can be maintained at a pressure of 10"3 - 10“ ** 
to rr.
The B21, has an overall length of 50 mm and was mounted on to a standard 
conflat flange. E lectr ica l connections to the anode was established across 
a 15 kV, 15 A, extra high tension lead-through and argon gas, leaked in 
through to the source via a 5 mm bore sta in less steel tube. The ion 
current monitor plate was in te rna lly  shorted to ground.
Fig. 7.2 illu s tra te s  the pumping scheme fo r the STC and the high purity 
argon gas admission system to the ion source. The d.c. supplies to the 
ion source consisted of a 10 kV, 10 mA power supply unit which was designed 
and b u ilt  within the department.
7.1.3.2 Argon Gas Supply System to  the Ion Source
The admission system of high purity  (99.999%) argon gas into the ion source 
is  shown in Fig. 7.2. The argon gas was contained in a laboratory bench 
size cylinder. The pressure was eventually reduced via a series of control 
valves and f in a lly  leaked into the source via a VG MD6 a l l metal bakeable 
leak valve. The volume behind the leak valve to the argon bottle could be 
roughed out with another rotary mechanical pump f itte d  with a bakeable 
fo re line  trap. The stainless tubing behind the leak valve was coiled so 
that i t  could be immersed in a Dewar fla sk , containing liq u id  nitrogen or 
so lid  carbon dioxide fo r removal of water vapour from the bakeable gas 
lin e .
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Fig. 7.2 Schematic diagram illu s t ra t in g  the pumping scheme for the STC 
and argon gas admission system to the ion source.
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7.1.3.3. Operation of the Ion Source and Procedure for Sputtering o f the
Sanple
Prior to any 1on bombardment, the volume behind the leak valve was 
thoroughly flashed out with argon. The Dewar flask was then f i l le d  with 
LN2, and once the stain less steel tube had cooled to LN2 temperature, the 
volume behind the leak valve was flashed out with argon further couple of 
times. At th is  point the argon was ready for admission Into the source via 
the MD6 valve.
I n it ia l ly ,  1f both chambers had been pumped by the 1on pump, then the CST 
gate valve separating the two chambers was closed as shown In Figs. 7.1 
and 7.2. Then the UHV a ll metal valve Isolating the d iffusion pump was 
opened. Argon was then leaked Into the STC to a pressure of 10"3 to rr as 
monitored on the Bayart and Alpert Ionisation gauge. The leak valve was 
then closed and the chamber pressure allowed to recover. This argon 
flashing operation of the STC was repeated couple of times. The sample was 
rotated to face the Ion source approximately at a distance of 5 cm
The voltage supply to the anode was switched on and set to 5 kV. Argon was
3
then leaked Into the 1on source and at a pressure o f  10" to rr a purple 
discharge was observed through the zero length quartz widow. The 1on beam 
landing at the sample surface was measured with a micro-ammeter with one 
terminal attached to the sample and the other grounded. The landing 
current was controlled by adjusting the argon pressure or anode voltage. 
This was kept between 10 and 15 gA. The surface was clean within 5 - 1 0  
minutes of sputtering as monitored by AES.
At the end o f the sputtering period the source was stopped e ither by 
closing o ff the leak valve or switching o ff the anode voltage. Within four
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minutes of stopping the leaking of argon Into the source the pressure 
Inside the STC recovered to 10"9 to rr . At th is  stage the sample was ready 
for adsorption of oxygen or transfer Into the analysis chamber.
7.1.4 Oxygen exposure of the Sample Surface
Oxygen exposure of the sample surface was done by two methods. The f i r s t  
was by leaking of oxygen Into the STC to a particu lar pressure and timing 
the duration of exposure. The second method was by the use of a very low 
conductivity porous plug attached to an effusion source several centimetres 
from the sample surface. The oxygen dosing system could de liver a 
molecular flux o f 10 molecules/cm /s. From In it ia l experiments It was 
found that, the exposure times for low flux doses to adsorb monolayer
coverage was too long. Consequently the dynamic method of oxygen exposure
was found to be more satisfactory and was used for most of the adsorption
work reported 1n th is thesis. In the following sections the two methods 
w ill be described but with emphasis on the f ir s t .
7.1.4.1 Dynamic Exposure o f Sample and Chamber to Oxygen
The oxygen admission lin e  and the effusion source are shown In Fig. 7.3. 
Research grade oxygen (BOC) from a glass l i t r e  flask was expanded via a 
series of nupro valves to the effusion source or via a flow valve Into the 
STC. The flushing out of the oxygen lines up to the valve V i, was normally 
done before sputtering o f the sample. This was done by f i r s t  expanding 
oxygen Into the volume between V i and V2. And further expanding that Into 
the volume between V3 and Vi, which were then gently opened and oxygen 
leaked Into the STC, pumped by the diffusion pump. The pressure never
r is in g  above 10"5 to rr.
F i9* 7.3 The effusion source and oxygen admission line
-  122 - Ch.7
This operation was repeated couple of times. Then the volume between V3 
and Vi, was f i l le d  with oxygen to a pressure of 30 mbar, as measured on a 
G ranv ille -Ph illip s  thermocouple gauge. By means of leak valve Vt,, oxygen 
was leaked into the STC u n til the adsorption pressure was reached. This 
pressure was measured with the Bayard-Alpert ion isation gauge, situated out 
of d irect lin e  of sight with the sample. Oxygen exposure was obtained by 
measuring the adsorption period and pressure and th is  gave the exposure 
d irec tly  in Langmuirs (exposure pressure torr/ 10"6 x time secs). At the 
end of a particu lar adsorption period, after closing the leak valve, the 
pressure in the STC recovered w ithin minutes to 5 x 10" 9 to rr.
7.1.4.2 Molecular Effusion Source
The molecular effusion source was very s im ila r to the one described by 
Madey (1972) but based on a modified version of Bel lard (1980). The 
molecular effusion source consists of a s ilic o n  carbide porous plug sealed 
in a glass envelope (Christian and Leek 1966) of known conductance (2.3 x 
10 L/s supplied by R. M. Williams of Liverpool University) and o r if ic e  
of equal length with radius, out of which molecules effuse at a known rate 
of approximately 10 molecules/cm /s. This was obtained from a calculated 
d istribu tion  of molecules leaving the o r if ic e  as a function of the effusion 
source to sample distance.
The operation of the molecular effusion source can be deduced from Fig.
7.3. And the flushing of the lin e  with oxygen was as described in section 
7.1.4.1. Research grade oxygen was expanded from the glass l i t r e  flask 
into the volume contained between V2, V3 and Vi». By gently opening V3 
oxygen was expanded into the high pressure side of the porous plug. The 
pressure was set to 0.2 to rr by expelling some of the oxygen by use of Vi,. 
A G ranv ille -Ph illip s  thermo couple gauge was used to measure the oxygen
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pressure behind the plug.
The sample surface, after 1on etching was rotated Into the molecular stream 
fo r a given length of time. The effusion source to sample surface distance 
was set In two ways: e ither by using the x-y-z fa c il it y  of the sample 
transfer device or by moving the effusion source up or down by adjusting 
the effusion source bellows. The distance was measured by use o f a 
trave lling  microscope.
This dosing method, was found to be unsatisfactory after prelimenary
experiments. Adsorption times were found to be too long, and the
calibration of the flux rate to sample surface distance could not be 
experimentally confirmed by use of the quadrupole mass spectrometer, as no 
change In the background oxygen partia l pressure could be detected when the 
sample was turned to face the source.
7.2 Electron Energy Analyser, Excitation Source, Electronics and Signal 
Detection
The electron energy analyser used for AES was a retarding fie ld  analyser 
RFA. And In the following sections construction, operation of the RFA, and 
Auger electron detection electronics w ill be described.
7.2.1 Retarding Field Analyser, RFA
This retarding fie ld  analyser 1s one of the simplest Auger electron
spectrometers to build and operate. It consists of three spherical grids
concentric with an outer so lid  spherical co llecto r. The electron gun was 
mounted so that the sample was excited by a normally Incident electron 
beam. The earthed shield housing the electron gun passes through a hole
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across the co llector-grid  assembly.
The sample surface for analysis was placed at the centre of curvature of 
the spherical grids and co lle c to r so that emitted electrons travel along 
radial paths to the co lle cto r. The Inner grid and the sample were held at 
earth potential and the retarding voltage was applied to the outer two 
e le c t r ic a lly  linked grids. Only electrons with su ffic ien t k ine tic  energy 
surmount the retarding potential at the grids In order to reach the 
co llecto r.
The energy d istribution N(E) or the d iffe ren tia l of the energy d istribu tion  
dN(E)/dE (the normal mode 1n which Auger spectra are recorded) was obtained 
by a modulation technique. A small sinusoidal voltage was superimposed on 
to the retarding potential applied to the retarding grid. The d iffe ren tia l 
of the energy d istribution 1s proportional to the second harmonic of the 
current signal detected at the co llector and the direct energy d istribu tion  
N(E), to the f is t  harmonic.
This can most easily  be demonstrated by showing the retarding voltage 
dependence of the detected secondary electron current 1n terms of a small 
sinusoidal modulation voltage, expanded in a Taylor series. I f  I 1s the 
detected secondary current reaching the co llector, V the retarding voltage 
and vms 1nut the modulation signal then
I( V + vms1nut ) « I(V) + r ( V ) v ms1nu>t +1'' (V)/2! v*s1n2u>t
+ I " ' ( V ) / 3 !  v^si n 3(at + I "  ’ * (V)/4! Vms1n\it 
+........................  ...(7 .1 )
Algebraic and trigonometric re-arrangement gives
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I( V + vms1no.t ) « I(V) + [ VmI"(V)/4 + v^I'' ' '(V ) ]
+ [ vmI'(V) + Vjjjl'1' (V)/8 + ........] slnoit
- t vmI"(V) + Vm I""(V ) + . . . . ]  cos2<ut ...(7 .2 )
Since N(E) 1s the derivative of the collected current and N'(E) the second
derivative, the amplitude of the fundamental, slnwt 1s proportional
to N(E) with proportionality factor vm. The amplitude of the second
harmonic, cos2ut 1s proportional to N'(E) with a proportionality factor 
2
-vm/4. The modulation amplitude vm must be su ff ic ie n t ly  small so that
3
terms In vm and above can be neglected.
In order to extract the second harmonic of the detected current signal, 
from w ithin the noise, a lock-1n-ampl1f1er was used. This contains an In 
b u ilt  phase sensitive detector PSD, for comparing the signal phase with the 
reference modulation signal. The output of the lock-1n-ampl1f1er is  a d.c. 
voltage proportional to the amplitude of the second harmonic of the 
detected electron current.
7.2.2 Experimental Arrangement of the RFA for AES
The retarding grid analyser assembly consists of a solid spherical 
co llecto r and the three spherical concentrically arranged tungsten grids. 
The co llecto r-g rid  assembly 1s situated beneath the top flange of the SAC 
as Illu stra ted  In F1g. 7.4. The spherical solid co llecto r of diameter 125 
mm was made of sta in less steel and the three-grids had diameters of 106, 
100, and 63 mm respectively. The whole of the assembly was e le c tr ica lly  
Insulated from each other by use of alumina and fish spine bead ceramics. 
E le c tr ica l connections, external to the vacuum was made via special UHV BNC 
e le c tr ica l lead-throughs attached to the top flange.
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F1g. 7.4 Block diagram of the Auger electron detection system
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A hole 12 mm in diameter cut through the centre of the co llector-grid  
assembly allows the grounded electron shield to protrude about a cm beyond 
the inner grid closest to the sample.
Palmberg and Rhodin (1968) and Weber and Peria (1967) were the f i r s t  to 
adopt a LEED optics system fo r recording of Auger electron spectra by 
electronic d ifferentia tion  based on the method of Leder and Simpson (1958). 
As described in section 7.2.1 electronic d iffe ren tia tion  was brought about 
by superimposing a small sinusoidal modulation voltage on to the retarding 
voltage applied to the retarding grid. The amplitude of the collected 
secondary current was then proportional to the d iffe ren tia l of the electron 
energy d istribu tion .
In th is  system the two outer grids were used as the retarding grid and the 
inner grid was maintained at earth potential together with the sample. 
This arrangement helps to reduce capacitive coupling between the retarding 
grid and the co llector and maintain a f ie ld  free region between the 
inner-grid and the sample.
The main problems associated with the RFA which effects resolution and 
sen s it iv ity  arise from the mechanical misalignment of the grid -co llector 
assembly, warping of the g rids leading to d istortion  of f ie ld  lines and 
further scattering of electrons by the grids can lead to spurious signals. 
The use of the double retarding grid as suggested by Palmberg (1968) 
improves the resolution from about 3% to 0.3%. But th is  tends to have a 
detrimental effect on the se n s it iv ity . But since resolution also depends 
on the size of the electron beam and spread in the primary energy as well 
as the modulation amplitude and therefore the theoretical value is  never 
attained. In th is  work a practica l resolution value of 0.25% has been
measured.
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One of the major draw backs of the RFA 1s the high shot noise which tends 
to lim it the signal to noise ra tio . Since the RFA 1s a high pass f i l t e r  at 
low retarding voltages almost a ll the secondary electrons surmount the 
potential barrier to reach the co lle cto r. This Inevitably leads to a high 
electron background. Residual magnetic fie ld s  also tend to adversely 
e ffect the resolution of the RFA and to a large extent these have been 
eliminated by encirc ling  the SAC with nectlc-conectlc mild magnetic 
screens.
7.2.2.1 The Static Electron Gun
The electrons for the excitation o f the surface (normal Incidence) were 
produced by an Ind irectly  heated oxide coated cathode emitter (type KA809F 
and heater E7291) mounted on to a Superior Electronics electron gun type 
SE-3k/5U. The electron beam so produced could be focussed and positioned 
e le c tro s ta t ica lly . For location o f the beam, a fluorescent material (zinc
o rtho -s ilica te ) 1n the shape of a tab let was used. For the work In th is  
thesis, primary electron beams of energy 600 - 1500 eV and currents of 4 - 
15 uA have been used. The spot s ize  was varied from 0.1 - 2  ■ . The 
primary current was measured by co llecting  a ll the primary electrons 1n a 
Faraday cage coated with gold black.
The entire gun assembly was surrounded by a mu-metal shroud and Its nozzle 
extended through the g rid -co llecto r assembly. The electron gun control 
un it consisted of three sub units; a highly stab ilised d.c. filament power 
supply unit, a highly stab ilised eht (0-3 keV) unit and a control unit of 
departmental design for focus, grid bias and deflection adjustments.
7.2.3 Electronics for Detection and Recording of Auger Electron Spectra
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The retarding voltage was generated by a 0 - 1000 eV Kepco (OPS 1000) 
programmable operational power supply driven by a Kepco (FG100) linear ramp 
generator, with ramp speeds in the range 0.001-100 Vs-1 . The sinusoidal 
modulation voltage was generated by a low d is to rtion  o sc illa to r  (Brookdeal 
Ortec 5012F) with a variable modulation amplitude of 0 - 5 Vrms. This 
modulation voltage was superimposed on to the retarding voltage by a 
modulation c ir c u it  consisting of resistor-capacitor network, with it s  
output feeding the double retarding grid of the analyser. Fig. 7.4 is  a 
block diagram of the Auger electron detection system and Fig. 7.5 is  a 
schematic of the e lectronics.
Electrons scattered from the surface by the action of the primary electron 
beam, emerge in a cone. The ones with su ffic ien t k inetic  energy overcome 
the retarding grid potential barrier and arrive at the co llecto r.
The co llecto r was positive ly  biassed to 120 V by use of dry batteries in 
order to suppress creation of te rtia ry  electrons by the impact of the 
secondaries at the co llecto r and grids. A tuned load was connected to the 
co llector and it s  resonant frequency chosen to be twice that of the 
modulation frequency so that the second harmonic of the detected secondary 
electron current was enhanced. The signal developed across the tuned load 
was then taken via an active notch f i l t e r  ( to further suppress the 
fundamental of the modulated signa l), to the input of a Brookdeal 401A 
lock-in-ampl i f ie r .
The lock-in-am plIfier contains an inbu ilt phase sensitive detector and by 
use of an appropriate time constant and adjustment of the phase control 
d ia l, i t  produces a d.c voltage proportional to the amplitude of the second 
harmonic of the detected secondary electron current. The reference input 
of the LIA was connected to the o sc illa to r for deriving the modulation
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F1g. 7.5 A schematic of the e lectronics for detection of Auger electrons
signal. The Y am plifier of the Bryans 26000A X-Y recorder was connected to 
the output of the LIA and the X Input am plifier to the ramp generator.
7.2.3.1 Procedure for Recording of Auger Spectra and Measurement of Auger 
Electron Energies
F irs t the resonant frequency of the tuned load was located by applying the 
modulation signal d ire c tly  to the retarding grid and observing the output 
signal at the tuned load, output of which was connected to an oscilloscope. 
At resonance the peak-peak voltage was maximised and th is  frequency (2 kHz) 
was measured by a Ph ilip s  PM 2521 automatic d ig ita l multimeter. The
o s c illa to r  was then re-set to a modulation frequency ha lf that of the 
resonant frequency l.e . 1 kHz. The active notch f i l t e r  was then connected 
to the output of the tuned load and Its output adjusted to null the 
fundamental signal.
The Auger electron detection c ircu itry  was then reconnected as shown 1n 
F1g. 7.5 and the output of the LIA adjusted to maximise Its output. This
was done at the e la s t ic  peak energy Ep (or at the L2f 3VV Auger peak o f
aluminium) of the secondary electron energy d istribution by scanning and 
locating Ep and holding the retarding voltage at that point. The e la s t ic  
peak was further maximised by adjusting the position of the sample with 
respect to the centre of curvature of the co llector- grid assembly.
The above setting up procedure was carried out after a ll the electronics
had been switched on and allowed to warm up for about 30 minutes 1n order
to avoid any subsequent d r if t  1n the modulation amplitude and frequency and 
retarding voltage. At high retarding voltages, modulation amplitudes 1n 
the range 6 - 1 0  Vpp was used. For low retarding energies 50 - 200 eV 4 
Vpp modulation amplitudes was used ( R iviere 1970) 1n order to enhance
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signal. The Y amplifier o f the Bryans 26000A X-Y recorder was connected to 
the output of the LIA and the X Input am plifier to the ramp generator.
7.2.3.1 Procedure for Recording of Auger Spectra and Measurement o f Auger 
Electron Energies
F irs t  the resonant frequency of the tuned load was located by applying the 
modulation signal d ire c tly  to the retarding grid and observing the output 
signal at the tuned load, output of which was connected to an oscilloscope. 
At resonance the peak-peak voltage was maximised and th is  frequency (2 kHz) 
was measured by a P h ilip s  PM 2521 automatic d ig ita l multimeter. The
o sc illa to r  was then re-set to a modulation frequency ha lf that of the 
resonant frequency l.e . 1 kHz. The active notch f i l t e r  was then connected 
to the output of the tuned load and Its output adjusted to null the 
fundamental signal.
The Auger electron detection c ircu itry  was then reconnected as shown In 
Fig. 7.5 and the output o f the LIA adjusted to maximise Its output. This
was done at the e la s tic  peak energy Ep (or at the L2f 3VV Auger peak of
aluminium) of the secondary electron energy d is tribu tion  by scanning and 
locating Ep and holding the retarding voltage at that point. The e la s tic  
peak was further maximised by adjusting the position o f the sample with 
respect to the centre of curvature of the co llecto r- grid assembly.
The above setting up procedure was carried out a fter a ll the electronics
had been switched on and allowed to warm up for about 30 minutes In order
to avoid any subsequent d r i f t  In the modulation amplitude and frequency and 
retarding voltage. At high retarding voltages, modulation amplitudes 1n 
the range 6 - 1 0  Vpp was used. For low retarding energies 50 - 200 eV 4 
Vpp modulation amplitudes was used ( R iviere 1970) 1n order to enhance
sen s it iv ity  without over d isto rting  the Auger signals.
Actual measurement of Auger electron energies was done 1n two ways. F irs t 
by d ire c tly  measuring the energy of the minimum of the negative going 
d iffe ren tia l peak by halting the retarding voltage at that minimum and 
noting the voltage on the d ig ita l voltmeter. Secondly by noting the start 
of the retard voltage and several other Auger peak energies and ca lib rating 
the horizontal axis of the X-Y recorder graph paper d ire c tly  1n volts/mm. 
In th is  work both techniques were used.
7.2.3.2 Reference of Measured Auger Electron Energies
The Auger electron energies as measured by the d ig ita l voltmeter, have been 
made with respect to the vacuum level of the analyser grids. These
electron energies may be referenced to the Fermi level from a knowledge of 
the analyser work function ty. The sample work function *Ai ,  does not 
enter, as can be seen from Figs. 7.6 (a,b) depicting Instances when the 
sample and the analyser grids have been shorted, and when a retarding 
voltage VR has been applied to the grids.
The measured k inetic  energy of the electron Ek, just over the grids as 
referenced to the Fermi level Is given by VR + *A1 + so that Ek =
VR + *w (*W= 4.5 eV, and *Ai= 4.2 eV).
7.2.3.3 Measurement of ELS Spectra
The Instrumentation and procedures for recording of electron loss spectra, 
was Identical to that of Auger electron spectra. The aluminium sample was 
excited by primary electrons of energy 600 and 900 eV. After location of 
the e la s t ic  peak Ep, the spectrum would be scanned from Ep-100 to Ep eV, to
Sample Analyser grids
Ek=MR+^ na
Fig. 7.6 Diagrams depicting instances when the sample and analyser
grids have been shorted (a), and when a retarding voltage 
has been applied to the grids (b).
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record the single and multip le plasmon loss peaks accompanying the e la s t ic  
peak. These measurements were recorded for various signal modulation 
voltages and angles o f Incidence for clean and oxygen exposed aluminium 
surfaces.
7.2.3.4 Procedures for Electron Bean Effect Experiments
These experiments were performed on clean and oxygen exposed aluminium 
surfaces. The primary electron beam of known parameters would be Incident 
on the sample, and Auger window spectra of 0 ^ ,  CKLL, A1 Lz^VV and A1 
*-2, 3VqVo would be recorded as a function of time up to 90 minutes.
At the end of th is  Irrad ia tion  period, the sample was s lig h t ly  moved In the 
horizontal plane so that further Auger window spectra could be recorded 
from non-Irradiated spots. These measurements were performed for various 
electron beam parameters and oxygen coverage levels. In chapter 8 th is  
w ill be further described and discussed.
7.2.4 Experimental Arrangement of the RFA for Recording o f Secondary 
Electron Emission Yield Curves
The retarding fie ld  analyser was read ily  adapted to record secondary 
electron emission y ie ld  curves. In the following sections, a fast and 
accurate y ie ld  measuring technique, and Its electronics w ill be described 
as well as the procedure of y ie ld  measurement.
7.2.4.1 The Secondary Electron Yield
The secondary electron y ie ld  of a material 1s defined as the ra tio  of the 
secondary electron current to the primary electron current l.e .
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(7.3)
Trad itiona lly , the y ie ld  curves, a versus Ep have been plotted manually
measured. This method was rather tedious and time consuming.
The measured y ie ld  1s the tota l y ie ld because electrons of a ll energies 
which emerge in a solid angle of 2* are collected by the hemispherical 
co llector. The true y ie ld  6, or the backscatterlng coeffic ient n could be 
obtained by placing appropriate potentials to the grid and sample so that 
only secondary electrons within the defined energy bracket could reach the 
co llector.
Automatic a and n plotting systems have been devised, where Is has been 
monitored d ire c tly  as a function of Ep by maintaining constant Ip due to 
the feedback c ircu it  1n the electron gun grid bias, the method took a long 
time to complete and was also s lig h tly  inaccurate, since not a ll the 
secondary electrons could be collected. But for the f ir s t  time 1t allowed 
the observation of fine structure on the smooth y ie ld  curve, mainly due to 
Ionisation threshold events and e lastic  scattering processes p a rt icu la rly  
at low primary electron energies. These structures could further be 
enhanced by employing modulation and lock-1n-detect1on techniques 1n 
obtaining derivative y ie ld  curves (Goto and Ishlkawa 1972, Park 1981).
A s ta tic  method of recording the variation 1n the y ie ld  at a specific  Ep 1s 
by monitoring the changes In a Ia as a function of surface coverage or 
desorption while Ep and Ip are kept constant. This method was f i r s t  
suggested by Arglle and Rhead (1982).
point by point. Ep 1s Increased In steps and the corresponding I$ and I p
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A s ligh t modification of expression 7.3 led Henrlch (1973), to suggest an 
alternative y ie ld  measuring technique. Here the to ta l y ie ld  Is monitored 
In terms of the absorbed sample current Ifl, while the primary electron 
energy Ep and current Ip are kept constant. The variation 1n Ep 1s 
simulated by applying a retarding potential to the sample. This method Is 
a lo t faster and more accurate. In the following sections, th is  method Is 
described 1n more deta il.
Since Ip = Is + Ia where Ia Is the absorbed sample current then expression
7.3 can be rewritten as
I f  In expression 7.5 Ip Is maintained constant, then the tota l y ie ld  w ill 
be given by the absorbed current Ia which Is a function of the primary 
energy, Ep. In expression 7.5 a simple way of ca lib rating  the y ie ld  curve 
1s also seen 1f  Ia 1s forced to equal Ip then, a value of 0 Is obtained for 
a. This 1s achieved by co llecting  a ll of the incident beam 1n a Faraday 
cage coated with a low y ie ld  gold black layer so that Ifl * Ip.
The o = l ,  point on the vertica l axis of the y ie ld  curve 1s obtained by 
making Ia = o. This 1s done by applying a retarding potential greater than 
the k ine tic  energy Ep of the landing primary electron beam so that a ll the 
primary electrons are deflected away from the sample surface.
0 = ( Ip _ la )/Ip (7.4)
and further simplifying
..(7 .5 )
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7.2.4.2 Electrical Re-connection of the RFA for Yield Measurements
The co lle cto r-g rid  assembly of the RFA was not altered but the external 
e le c tr ica l connections were changed as shown 1n Fig. 7.7. The co llector 
and the double retarding grids were e le c tr ic a lly  connected together and 
biased to +90 eV ( to prevent creation of further secondary electrons by 
the ones arriv ing from the surface). The collected secondary electrons 
flowed to ground via a micro-ammeter.
The Inner grid was connected to ground as In AES 1n order to provide a 
uniform equlpotentlal f ie ld  for the secondaries to travel along radial 
paths to the co llecto r. The retarding potential was applied to the 
specimen and secondary electrons with Insuffic ient energy were absorbed by 
the sample.
7.2.4.3 Electron Gun
The electron gun was operated 1n the same mode as used for recording of
Auger electron spectra I.e. Ep and Ip were kept constant as the sample was
ramped from 0 - Ep. The primary electrons were struck the surface at 
normal Incidence and maximum primary energy employed was 1000 eV and 
current 3 - 7 yA.
7.2.4.4 Electronics for Recording of Secondary Electron Yield Plots
The electronic set up for recording of secondary electron y ie ld  curves
using the RFA was based on the scheme f ir s t  used by Henrich (1973). This
was s lig h t ly  modified and Improved by Suleman and Pattlnson (1980). A 
block diagram of the system 1s shown In F1g. 7.8 and an up to date c ircu it 
diagram o f the y ie ld  c irc u it  1s shown 1n Fig. 7.9.
Electron gun
Fig. 7.7 Arrangement of the RFA fo r recording of SEE y ie ld  curves
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Fig. 7.9 C ircu it diagram of the y ie ld detection system.
The main advantage of th is  system was that the primary electron energy and 
current could be kept constant during the recording of an entire y ie ld  
curve. The negative retarding potential applied to the specimen In order 
to simulate a change In the Incident primary energy was obtained from a 
Kepco OPSIOOO operational power supply driven by a Kepco FG100 linear ramp 
generator.
The current flowing Into or out of the specimen was proportional to the 
y ie ld  o as described 1n section 7.2.4.1. Since Ifl becomes very small to 
measure, a gated linear am plifier, Ferranti ZN424 was used to amplify the 
voltage developed across the sensing res isto r Rs shown 1n F1g. 7.9. Since
I .  had to be measured In the presence of the negative retarding voltagea
down to -1000 eV, the entire am plifier c ircu it  floats at the retarding 
voltage. The ±15 V d.c. power supply was derived from two dry 18 V 
batteries regulated to 15 V by use of zener diodes.
The gating sinusoidal signal was obtained from a Brookdeal 5012F low 
d istortion o sc illa to r and applied to the gate via an Isolation transformer 
(1:1 turns ra tio  with a fe r r ite  core) and gating npn transisto r pair. The 
output of the gated linear am plifier Is a product of the gating signal and 
the Input voltage signal generated by the absorbed specimen current across 
the sensing resistor and consists of a t ra il o f periodic pulses. The 
height of the pulses depends on the specimen current Ia and modulation 
signal (« 3Vpp, 10 kHz). The fundamental component of the gated linear 
amplifier output signal 1s proportional to Ia and was detected by a 
Brookdeal 401A lock-1n-ampl1f1er via an Isolation transformer. The 
reference signal to the LIA was obtained from the o sc illa to r .
The output of the LIA was taken to the Y Input of a Bryans 26000A X-Y 
recorder and the output of the FG100 ramp generator (0-20 V) connected to
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The main advantage of th is  system was that the primary electron energy and 
current could be kept constant during the recording of an entire y ie ld  
curve. The negative retarding potential applied to the specimen 1n order 
to simulate a change In the Incident primary energy was obtained from a 
Kepco 0PS1000 operational power supply driven by a Kepco FG100 linear ramp 
generator.
The current flowing Into or out of the specimen was proportional to the 
y ie ld  a as described 1n section 7.2.4.1. Since Ifl becomes very small to 
measure, a gated linear am plifier, Ferranti ZN424 was used to amplify the 
voltage developed across the sensing res isto r Rs shown 1n F1g. 7.9. Since 
I , had to be measured 1n the presence of the negative retarding voltage
a
down to -1000 eV, the entire am plifier c ircu it  floats at the retarding 
voltage. The ±15 V d.c. power supply was derived from two dry 18 V 
batteries regulated to 15 V by use of zener diodes.
The gating sinusoidal signal was obtained from a Brookdeal 5012F low 
d isto rtion  o s c illa to r  and applied to the gate via an Isolation transformer 
(1:1 turns ra tio  with a fe r r ite  core) and gating npn transistor pair. The 
output of the gated linear am plifier Is a product of the gating signal and 
the Input voltage signal generated by the absorbed specimen current across 
the sensing re s is to r and consists of a t r a i l  of periodic pulses. The 
height of the pulses depends on the specimen current Ia and modulation 
signal (=■  3Vpp, 10 kHz). The fundamental component of the gated linear 
am plifier output signal is  proportional to Ia and was detected by a 
Brookdeal 401A lock-1n-ampl1f1er via an Isolation transformer. The
reference signal to the LIA was obtained from the o sc illa to r .
The output of the LIA was taken to the Y Input of a Bryans 26000A X-Y 
recorder and the output of the FG100 ramp generator (0-20 V) connected to
the X Input of the recorder. An a lternative y ie ld  data acquisition method 
Is shown In F1g. 7.8. The output of the LIA was d ig itised  by an analogue 
to d ig ita l converter under the control of a PDP11 microcomputer linked to 
the University GEC 4080 mainframe computer for data storage. The y ie ld  
data could then be processed o f f- l in e .  This system could not be fu lly  used 
because of various system bugs.
7.2«64> Procedure for Measurement of the Secondary Electron Yield
The procedure for measurement of the secondary electron y ie ld  was rather 
stra ight forward. As a prellmenary linear operation of the y ie ld  c ir c u it  
was checked by Injecting a lin e a r ramp of Input current of 0-50 pA through 
the sensing res isto r of the gated linear am plifier. The output of the LIA 
was also a linear ramp Indicating correct operation of the y ie ld  c ircu it .
After having obtained a primary electron beam of energy Ep (900 eV and beam 
current of several pA as observed by the landing specimen current. The 
focus and beam size was checked on the fluorescent tablet and then the beam 
current measured by aiming 1t down the Faraday cup which was covered In a 
layer of gold black (Thomas and Pattlnson 1970). The electron beam which 
arrives at grazing Incidence Into the side wall of the Faraday cup Is fu l ly  
absorbed and hence 1s accurately determined.
This current was normally set to a range between 3-7 pA and 1t was checked 
for every y ie ld  curve, and found to be very stable (1.5%). The specimen 
surface was then rotated Into the beam and held at a horizontal plane with 
respect to the Incident beam.
The retarding voltage applied to the specimen was held at 300 eV and the 
phase of the LIA adjusted to maximise the output signal. The ca libration
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of the y ie ld  curve was obtained as follows: the electron beam was again 
aimed into the Faraday cage with the retarding voltage driven s lig h t ly  
positive. Since a ll of the primary beam current 1s absorbed, Ia =» Ip and 
the resultant y ie ld  is  0 as given by expression 7.5. This gives the zero 
point on the vertica l axis of the y ie ld  curve.
To determine a = 1 , the retarding voltage applied to the Faraday cage was 
s lig h t ly  more negative then Ep, so that the beam was to ta lly  deflected and 
prevented from landing. For th is  case Ia = 0 and a = 1. is  obtained 
completing the scaling of the y ie ld  curve.
The specimen surface was next in the analysis position and i t  was ramped by 
the retarding voltage from +2 to -910 V, the resulting y ie ld  curve was 
permanently recorded on a Bryans 26000A X-Y recorder. Fig. 7.10 is  a 
graph of the tota l secondary electron y ie ld  fo r a Faraday cup, indicating 
the ca lib ration  of the a ax is.
The aluminium sample surface was prepared in the same way as in AES 
experiments. In fact the growth of oxygen was monitored by AES by switching 
the RFA and electronics from one mode to the other so that the variation in 
the y ie ld  could be correlated to the level of oxygen coverage and oxide 
level on the surface.
7.2.4.6 Comments on the Yield Measurement Technique
This technique of measuring the secondary electron y ie ld  was accurate and 
fast. Accurate in that, a is  measured in terms of the absorbed specimen 
current Ia and not the secondary current I$, which cannot be fu lly
co llected..
-1010---------------------Retard Voltage (V ) ---------- — 0V
Fig. 7.10 Total secondary electron y ie ld  versus primary energy, for
the Faraday cage for fu l l absorption o f primary current and 
ind icating the ca lib ra tion  of the ve rt ica l axis.
Because the primary electron beam energy Ep and current Ip were kept 
constant during the recording of the y ie ld , the measuring time was a lo t 
faster and recording speeds were only lim ited by the time constants of the 
am plifier c ircu its .
A major drawback 1n the measurement method occurs at low retarding 
voltages. Severe defocussing of the electron beam results from d istortion 
of the retarding e le c tr ic  f ie ld  lines. This was caused by the fie ld  lines 
not being para lle l to the primary electron momentum and by residual 
magnetic f ie ld s .
o cannot be accurately measured for primary electron beams Incident other 
than normal to the surface.
Secondary electrons produced at the Inner grids may travel back on to the 
sample due to space charge effects. Several positive  d.c. potentials were 
applied to the grids but no s ign ifican t change 1n the quantitative value of 
a was observed.
7.2.5 Conclusions
In th is  chapter, the experimental apparatus, Instrumentation and procedures 
used in recording Auger electron spectra and secondary electron y ie ld  plots 
have been described. In addition, possible sources o f error and 
lim ita tions associated with each technique has been described. In the next 
chapter, results and discussion of AES and electron beam Irradiation 
experiments performed on clean and oxygen exposed po lycrysta lline aluminium 
surfaces w ill be presented.
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CHAPTER EIGHT
RESULTS AHD DISCUSSION: OXYGEH ADSORPTION ATP ELECTRON BEAU EFFECTS STUDIED 
BY AES
8.1 Introduction
In th is  chapter, the results of some preliminary experiments on setting up 
of the analyser are given. Then the resu lts of AES measurements on the 
clean and oxygen covered polycrystal lin e  aluminium surface, and electron 
beam effect experiments are also presented followed by a discussion of the 
resu lts.
8.2 Preliminary Experiments, Observations and Surface Preparation
One of the f i r s t  experiments performed on the AES system was to try  and 
optimise the sample position with respect to the analyser. The sample 
height was adjusted in the axis of the electron gun and various e la s t ic  
peak spectra recorded whose Intensity (peak to peak height, PPH) and energy 
width measured and the position of the sample for each spectra noted ( at 
th is stage the aluminium surface was ion etched or heated).
Such a series of e la s tic  peak spectra are shown 1n F1g. 8.1 together with 
the acquisition parameters. The spectra were acquired In the dN(E)/dE mode 
and since measurement of peak width for Auger peaks 1s rather ambiguous, 
the following method was used to determine th is: the peak width aE was 
measured from the negative and positive going peaks and the energy Ep at 
which the derivative signal had crossed through zero. The measured 
resolution was 0.3 % obtained from p = aE/E |dN(E)/dE«0 The theoretical 
resolution for the RFA 1s 0.1 * but a practical Instrumental resolution of
dN
(E
)/
dE
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. 
U
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ts
)
Kinetic Energy (eV)
Fig. 8.1 E la s tic  peak spectra of contaminated A1 surface for various 
sample positions 1n the up-down mode of the x-y-z manipulator (a, b, c). 
Spectrum c is  at the Ideal position, d 1s as c, with expanded energy scale 
to show measured resolution.
- 140 - Ch.8
0.3 % with good sen s it iv ity  was found to be adequate for th is work.
In order to check the rep roduc ib ility , Instrumental d r if t  and general 
s ta b il it y  of the AES system several e la s tic  spectra were recorded at 45 
minute Intervals under the same acquisition conditions and parameters for 
spectra shown 1n F1g. 8.2. As can be seen the reproducib ility  1s quite 
good. F1g. 8.3 1s an Auger survey scan spectrum of the contaminated 
aluminium surface recorded at a base pressure of 3 x 10"10 to rr after the 
STC and the SAC had been baked. The aluminium surface was heavily 
contaminated by a layer of carbon and oxygen. Some sulphur contamination 
was also detected. No elemental aluminium was Identified, the Auger peak 
o f energy 54 eV was Identified to be due to aluminium oxide. A ll the above 
contaminants have been Identified by reference to the Physical E lectronics 
Industries handbook on Auger spectroscopy (1976). A more detailed analysis 
o f the Auger transitions of the contaminants and m eta llic  aluminium w ill be 
given 1n section 8.3.
Shown in F1g. 8.4 are a series of window spectra of oxygen 0 ^  transition  
as a function of sample position with respect to the analyser centre of 
curvature. The fa l l o ff 1n signal Intensity was appreciable when the 
sample was moved from the Ideal. This position was re la tive ly  easily  
reproducible.
Several In it ia l argon 1on sputtering experiments were carried out 1n order 
to arrive at a suitable set of argon 1on gun operating parameters for 
obtaining contaminant free surfaces as determined by AES. In Fig. 8.5 are 
shown a series o f Auger window spectra for various etching periods. The 
survey spectrum was recorded after 10 minutes of argon Ion bombardment 
resu lting 1n tota l removal of the surface contaminants with the following 
operating parameters; anode voltage 5 keV, 1on current at the sample 10 jiA
dN
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Fig. 8.2 E lastic  peak spectra of the contaminated A1 surface taken at 45 
minute Intervals (Ep « 900 eV, Ip « 10 pA, Vm - 2 Vpp).
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Fig. 8.3 Survey scan Auger electron spectrum of the contaminated A1 
surface after bakeout (Ep = 1500 eV, Ip = 10 pA).
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Fig. 8.4 Oxygen Auger window spectra showing fa ll o ff 1n PPH intensity 
with sample position (Ep * 1500 eV, Ip = 20 pA, Vm * 10 Vpp).
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Fig. 8.5 Auger window spectra (Ep * 1500 eV and Ip = 20 uA) of the 
contaminated A1 surface and argon 1on etched surface (EA+ * 5 keV, J 15
yA, 10 minutes).
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and sample to ion source distance approximately 5 cm.
8.3 Identification of Auger Electron Transitions observed on the 
Contaminated Clean and Oxygen Exposed A ln ln lu i Surface
In Table 8.1, a summary 1s presented of a ll the Auger electron peaks 
observed for various states of the polycrystal line  surface. Measured 
k in e t ic  energies fa ll w ithin ± 2 eV of published data. Clean aluminium 
surface exhib its an Intense peak at 68 ± 1 eV which 1s attributed to an 
l_2 3VV transition . Also accompanying th is  Intense peak on the low and high 
energy shoulders are two smaller peaks occurlng at 51 ± 1 eV and 84 ± 1
eV. The former 1s due to bulk plasmon loss processes, excited by the 
outgoing L23VV Auger electron, and the la tte r, more lik e ly  to be due to a 
double Ionisation process. Qulnto and Robertson (1971), Suleman and 
Pattlnson (1971) and Dufour et al (1972) have already reported these 
transitions and discussed the orig in and a llocation of s a te llite s .
The major Auger peaks observed on the contaminated sample surface were due 
to carbon KLL at 270 ± 1 eV and KLL transitions of oxygen, occurlng at 
508± 2 eV, 486 and 471 ± 2 eV. The sulphur LVV transition  was measured
at 150 ± 1 eV and th is  is  quite a common contaminant found on metal
surfaces that have been exposed to atmosphere.
On the low energy end of the Auger spectrum a small peak at 54 ± 1 eV was 
resolved a fte r reducing the modulation voltage and Increasing the 
sen s it iv ity  o f the lock-1n-ampl1f1er. This was attributed to an Inter 
atomic cross transition designated by I^^VqVo» and corresponds to bulk 
aluminium oxide (AI2O3I
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F1g. 8.6 shows an Auger spectrum of oxygen adsorbed aluminium surface (10 
minutes at 10"® to rr). The A1 L2 3^VV peak at 67 eV and the A1 Lg^VpVg 
54 eV are both present and the oxygen KLL 505 eV peak c learly  evident. 
This large apparent sh if t  to lower k ine tic  energy by about 15 eV of the A1 
L2 3VV peak gives Information about the chemical environment of the A1 
atoms. Both the 67 eV and the 54 eV peaks have been used 1n th is work to
monitor the surface adsorption of aluminium; 1n addition the 0^ ^^  peak was 
also monitored. The high energy Auger peak of aluminium KLL at 1400 eV was
not observed because the operational power supply could only generate a
retarding potential of 1000 eV.
8.4 Effect of Residual Gases on the Clean A1 Surface
Fig. 8.7 shows a mass spectrum of the UHV environment recorded with a 
quadrupole residual gas analyser a fter a bakeout. The major constituent of 
the residual atmosphere was argon (pp 5 x 10' 9 torr) which was due to a 
s lig h t leak from the K)6 leak valve. Carbon monoxide (1.2 x 10"10 torr) 
and water vapour (6.2 x 10"11 to rr). The effect of the residual gases on
the clean surface 1n the presence of the electron beam 1s shown 1n Fig.
8.8. Auger window spectra of the A l67, carbon and oxygen peaks were 
monitored for three days. The A l®7 had decreased s ign ifican tly  1n 
in tensity and both the carbon and oxygen peaks Increased 1n proportion. At 
the end of th is  period the Al-054 peak associated with aluminium oxide did 
not appear. In fact the re la tive  Intensity of the carbon peak was higher 
than the oxygen peak.
The combined effect of the residual gases and electron beam Irradiation on 
the the clean aluminium surface 1s shown 1n F1g. 8.9. Main constituents 
of the residual gases consisted of hydrogen, carbon monoxide and water 
vapour a ll 1n the 10"^ ® to rr range. The Intensity of the carbon and oxygen
dN
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Fig. 8.6 Auger window spectra of clean A1 surface (bottom), and oxyger^  
exposed surface (top, 10-6 to r r ,  5 mins, Ep * 1500 eV and Ip ° 15pA).
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Fig. 8.9 Auger window spectra as a function of exposure time to the 
residual gases in the UHV environment (Ep = 1500 eV, Ip = 20 uA and * 10
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Auger PPH only began to Increase beyond the noise level after 4-5 hours of 
electron beam irrad ia tion . The aluminium peak in tens ity  on the other hand 
appeared to be stable at f i r s t ,  decaying at a fa s te r rate a fter several 
hours of electron beam Irrad iation. Carbon appears to be incorporated on 
the surface by the electron beam, oxygen to a smaller extent as 1t is  
active ly desorbed from the surface by mechanisms already discussed in 
chapter 3.
8.5 Oxygen Adsorption on Clean Altain1ia Surface
8.5.1 Introduction
The evolution of oxygen on a clean po lycrysta lline  aluminium surface was 
monitored by AES, by exposing the surface to oxygen at various pressures. 
The total exposure was calculated by multiplying the pressure with exposure 
time and converting the product into Langmuir units (1 L = 10-6 to rr 
second).
The choice of electron beam energy and current density for these oxygen 
exposure experiments was chosen after some prellmenary t r ia ls  to see at 
what value of current density, beam effects are observed i.e .  desorption 
and adsorption phenomena. Shown on Fig. 8.10 is  a typ ica l plot of 
normalised A l67, A l-054, and 0505, Auger PPH as a function of electron 
irrad ia tion  time fo r Ip= 20 uA.
A compromise value of 7.5 pA fo r the electron beam current was used to 
evolve the main oxygen adsorption pro files on aluminium. This value gave, 
minimum desorption effects and reasonable signal to noise ratio  so that 
oxygen could be detected for very low levels of adsorption. The sample 
surface was only exposed to the electron beam for the duration of recording
A4ISU04UJ 9AI4D19H
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of Auger window spectra. This varied from 2 to 5 minutes fo r each data 
point.
The adsorption pro files were formed for cumulative exposures of the 
surface. The general form of the adsorption curves was cross checked by 
d iscrete 1on etch-adsorb experiment cycles. Fig. 8.11 shows that the two 
adsorption methods y ie ld  the same p ro file  and hence the former was used 
throughout
8.5.2 Evolution of the Adsorption Profile 0 - 1000 L
In th is  section attention w il l be focussed on the evolution of the oxygen 
0|<l l , aluminium l_2 3VV and aluminium oxide l-2,3^0^0 u^9er peak in tens it ie s  
as a function of oxygen exposure 1n the range 0 to 1000 L. Fig 8.12 
represents Auger window spectra of 0®®®, Al®^  and Al-0®  ^ peaks for 
successive oxygen exposures up to 1000 L.
The Al®^  elemental peak 1s very sensitive to the state of the surface and 
as oxygen exposure 1s gradually increased It diminished in  in tensity at a 
very fast rate. The 0®^® Auger peak increased slowly at f i r s t  from the
noise level and by 30 L a new peak appeared at 54 eV. This of course is
the Al-054 Inter atomic cross transition  peak and marks the conversion of 
adsorbed oxygen Into surface oxide. By th is  time the Al®^  peak has 
diminished to 20 % of Its I n it ia l value.
With Increasing oxygen exposure the Al-0®  ^ and 0®®® Auger peaks Increased 
in  Intensity while the Al®^  decreased though at a smaller rate. A fte r 240
L of oxygen exposure, the changes 1n the Auger PPH were only s lig h t. In
order to show the amount of oxygen that has been adsorbed on the surface 
the 0505 Auger PPH has been plotted as a function of oxygen exposure as
F1g. 8.11 Normalised 0505 Auger signal PPH versus oxygen exposure. 
Adsorption of oxygen, by cumulative (•) and discreet etch-expose method
(°).
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shown 1n F1g. 8.13(a). The AES PPH is  proportional to the elemental 
concentration on the surface. Also shown on th is figure are the changes 1n 
the Al67 and Al-054 Auger peaks.
Fig. 8.13(a,b) represents Auger pro files from a single experiment and Is 
typical o f rest of the experiments. The scatter 1n the data points may be 
attributed to several factors (see section 8.7.1). One of the more obvious 
ones Is due to sample repositioning problems with the sample manipulator 
and d iffe ren t degrees of surface roughness due to argon 1on bombardment of 
the surface prior to each experiment. Also another source of error 1s due 
to the residual oxygen 1n the sample treatment chamber (STC) during pump 
down a fter a given exposure. This w ill tend to effect the low oxygen 
exposure leve ls and has not been taken Into account.
In order to follow the adsorption kinetics of the 0505 exposure, Fig. 
8.13(a) has been replotted with the 0505 AES PPH normalised at Its 
saturation value corresponding to oxygen exposures 1n excess of 800 L. 
This plot Is shown In Fig. 8.14 and from 1t an estimate of the In it ia l 
sticking coeffic ient S0 can be made.
The estimated value of SQ w ill depend on the point at which, monolayer 
coverage 1s complete. Here 1t w ill be assumed that ML coverage occurs when 
the 0|(LL PPH reaches 90% of Its saturation value and th is Is reached after 
a total o f 120 L of oxygen exposure. It Is further assumed that the total 
number of adsorption s ite s per cm^  on the polycrystal lin e  surface w ill be 
an average of the adsorption s ites available on A l ( l l l ) ,  (110), and (100) 
faces, I f  these facets are randomly distributed throughout the surface.
The Al(111) face has the highest packing density and the Al(100) the least, 
as can be calculated from a knowledge of the la t t ic e  parameter and geometry
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shown 1n Fig. 8.13(a). The AES PPH 1s proportional to the elemental 
concentration on the surface. Also shown on th is figure are the changes 1n 
the A l67 and Al-054 Auger peaks.
F1g. 8.13(a,b) represents Auger pro files from a single experiment and 1s 
typical of rest of the experiments. The scatter 1n the data points may be 
attributed to several factors (see section 8.7.1). One of the more obvious 
ones 1s due to sample repositioning problems with the sample manipulator 
and d ifferent degrees o f surface roughness due to argon Ion bombardment of 
the surface prior to each experiment. Also another source of error is  due 
to the residual oxygen 1n the sample treatment chamber (STC) during pump 
down after a given exposure. This w ill tend to effect the low oxygen 
exposure levels and has not been taken Into account.
In order to follow the adsorption k inetics of the 0505 exposure, F1g. 
8.13(a) has been replotted with the 0505 AES PPH normalised at Its 
saturation value corresponding to oxygen exposures In excess of 800 L. 
This plot 1s shown 1n F1g. 8.14 and from 1t an estimate of the In it ia l 
sticking coeffic ient SQ can be made.
The estimated value o f S0 w ill depend on the point at which, monolayer 
coverage Is complete. Here It w ill be assumed that ML coverage occurs when 
the 0KLL PPH reaches 90% of Its saturation value and th is Is reached a fte r 
a total of 120 L of oxygen exposure. It 1s further assumed that the to ta l 
number of adsorption s ite s  per cm^  on the polycrystal lin e  surface w ill be 
an average of the adsorption sites available on A l ( l l l ) ,  (110), and (100) 
faces, 1f  these facets are randomly distributed throughout the surface.
The Al(111) face has the highest packing density and the Al(100) the least, 
as can be calculated from a knowledge of the la t t ic e  parameter and geometry
F1g. 8.13 (a) A l67. A1-054 and 0505 Auger PPH as a function o f oxygen 
exposure, (b) Auger PPH ratios A (q50S/a i67) and B rA l-05V(A1-05*+Al67U.
versus oxygen exposure.
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of the fee unit c e ll.  The average number of adsorption s ites Is then 1.0 x 
1015 atoms/cm2. Also assuming that 1 L 1s equal to an a rr iva l rate of 3 x 
1014 molecules/cm2/s at room temperature at the surface and that oxygen 
adsorbs d lssoda tlve ly , then the In it ia l stick ing coeffic ien t S0 can be 
estimated by drawing a tangent to the In it ia l rise  1n the 0505 p ro file , 
where the extrapolated tangent Intersects the lin e  equivalent to coverage 
o f 1 as Indicated on F1g. 8.14. The gradient of th is tangent multip lied 
by the number of adsorption s ites w il l y ie ld  S0 o f 0.03 ± .01. This value 
of the In it ia l stick ing coe ffic ien t Is 1n good agreement with those 
reported by Martinson and Flodstrom for the A l( l l l )  face and that of 
Gartland.
By use o f a non-l1near least squares f it t in g ,  computer program, a function 
o f the form f(L) = P2[ l - exp(Px L)] was fitte d  to the adsorption data 
points o f F1g. 8.14. The program optimises the parameters Pj and P2 where 
Pj 1s an effective sticking coe ffic ien t and P2 is  the normalised saturation 
value o f the 0 ^  PPH. Fig. 8.15(a) shows such a plot with the calculated 
lin e  of best f i t  drawn through the data points. A good reproduction of the 
experimental data is  observed, with an e ffective  stick ing coe ffic ien t of
0.02 which is  1n good agreement with the experimentally measured value.
From a sim ilar consideration of the variation 1n the Intensity of the Al67 
Auger PPH was also calculated using the same non-l1near least squares 
program to optimise the function f(L) = P2 exp(-Pj L) + P3 where P2 Is the 
maximum PPH corresponding to clean Al and P3 1s the equilibrium value. 
Again a good reproduction of the Al®® PPH variation with oxygen exposure 
was obtained as Illustra ted  In Fig. 8.15(b) with a s im ila r effective 
stick ing coeffic ient.
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Fig. 8.15 (a) Adsorption of oxygen on AI. 0505 * *  PPH versus oxygen
exposure, and so lid  lin e  from computer f i t t ed non-Hnear least squares 
calcu lation, (b) As above but for A167 AES Wflk
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An alternative way of defining the onset of monolayer coverage, 1s the 
f i r s t  appearance of oxidised aluminium as deduced by the Al-054 Auger peak, 
marking the completion of a chemisorbed monolayer. This occurs 1n the 
oxygen exposure range of 20-50 L from which S0 of 0.01-.02 can be 
estimated. ( In the XPS measurement of Martinson and Flodstrom, and
Bradshaw et a l , th is  point was marked by a 2.6 eV sh ift  in the Al(2p) 
binding energy level to a higher one.)
The ra tio  0505/A l67 plotted as a function of oxygen exposure as 1n Fig. 
8.13(b) also y ie lds a re liab le  adsorption p ro file  from which a sim ilar SQ 
was estimated.
8.5.3 Evolution of Adsorption Profiles fo r Oxygen Exposures of 0 - 50 L
The PPH of 0505 and A l67 as well as A l$4 has been plotted versus oxygen 
exposure 1n F1g. 8.16. In th is range the oxygen PPH has not reached it s  
saturation value nor the A l67 PPH decayed to Its minimum value. The
appearance of the Al-054 oxidised aluminium peak was after 20 L of oxygen 
exposure in agreement with the previous experiment.
8.6 Electron Beau Irradiation Experiments on Clean and Oxygen Exposed 
Polycrystalline Aliaalnlua Surface
8.6.1 Sumary of Experimental Procedure
In th is  section, results of electron beam Irradiation experiments on clean 
and oxygen exposed po lycrysta lline aluminium surfaces w ill be reported. In 
the majority of the experiments the sample prior to electron bombardment
Fig. 8.16 Variation of A l^ - A1- q54 and q505 PPH with oxygen
exposure up to 50 L.
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was exposed to oxygen. In a range 50-1000 L. As demonstrated 1n the 
preceding section, 1n th is  range, the surface 1s assumed to have at least 
monolayer coverage.
The choice of electron current densities employed, was also determined by 
considerations of Auger signal sen s it iv ity  of the analyser and minimisation 
o f thermal desorption effects and at the same time use of su ff ic ie n t ly  high 
electron beam densities to cause measurable change 1n the AES PPH so that 
e ffective decomposition and desorption cross-sections could be measured 
with confidence. An electron beam current density o f *1*9.5 x 10 4 A/cm2
corresponding to an Ip= 7.5 uA proved appropriate and majority o f the 
electron beam Irradiation experiments were conducted with th is  current 
density. The other current densities used were 1.9 x 10"3, 5 x 10" , and
1.2 x 10"4 A/cm2. A ll at a primary electron energy o f 1.5 keV.
The oxygen exposure of the sample was as described in  chapter 7. Auger 
window spectra (40 - 90 eV and 470 - 530 eV) of the electron Irradiated 
spot was recorded every ten minutes for 90 minutes. At the end of th is 
period the sample was moved s lig h tly  so that the beam was incident on a 
non-Irradiated spot and the window Auger spectra o f th is  spot was also 
recorded. The spectra were recorded 1n the dN(E)/dE mode and the scan 
speed was 1 eV/s and modulation voltages of 4.6 Vpp and 11 Vpp were used 
fo r the Al67 and 0505 Auger peaks respectively. I n it ia l ly  the carbon 270 
eV Auger peak was also monitored but did not Increase beyond the noise 
leve l. A ll of the experiments were done at room temperature.
8.6.2 Electron Bean Exposure of the Clean Surface
The effect of the residual gases and the electron beam Irradiation (current 
density J- 9.5 ± 0.5 x 10"4 A/cm2) on a clean po lycrysta lline  surface was
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investigated by following the changes 1n the Al*7 and 0505 Auger peaks over 
a 90 minute period. F1g. 8.17 represents a succession of 0505 and A l67 
Auger window spectra recorded every 10 minutes. It 1s apparent from this 
figure that no s ign ifican t change In the Al67 PPH results. The 0505 on the 
other hand does not Increase beyond the noise leve l. Also no s ign ifican t 
change In the signal shape as a function of Irradiation time was noted.
A typical plot of the Al67 PPH versus Irrad iation time 1s shown In Fig. 
8.18. After 90 minutes of electron beam exposure the Al67 PPH has dropped 
to 88 % of Its orig inal height. Point N on F1g. 8.20 represents a 
non-Irradiated spot and the A l67 PPH from th is had dropped to 94 % of Its 
In it ia l PPH. With reference to F1g. 8.13 the effect of the adsorption of 
residual gases and electron beam Irradiation was equivalent to 10 L of 
d irect oxygen exposure, while the effect of the background residual gas 
alone over the 90 minutes was approximately equivalent to 6 L of oxygen 
exposure. The oxygen and carbon Auger peaks always remained within the 
noise level throughout the 90 minute Irradiation period. Also during this 
period no Al-054 Auger peak was detected.
It is  worth while at th is  stage to estimate the probable temperature 
Increase 1n the Irradiated area of the sample, caused by the electron beam. 
The sample I ts e lf  was securely attached to Its holder and was in good 
thermal contact with 1t. Assuming a worst case of maximum current density, 
in the steady state, the temperature rise  1n the Irradiated spot can be 
estimated from the re lationship AT = 2EpIp / irKd, given by Knotek and 
Felbelman (1978), where Ep and Ip have the ir usual meanings, K is  the 
thermal conductivity (2.37 x 102 W/m/K ) and d Is the Irradiated spot 
diameter. In the steady state, a calculated temperature rise o f 0.2 K is  
found for the Irradiated spot. It 1s apparent that th is Is unlike ly to be 
the cause of any thermal desorption phenomena.
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8.6.2.1 Simultaneous Ojtygen Exposure and Electron Beam Irradiation of the 
Clean Surface
An experiment was attempted In which the response of the clean surface to 
simultaneous electron beam bombardment and oxygen exposure was 
Investigated. At chamber pressures of ^ 10-8 to rr i t  was found that the 
emission from the electron gun emitter cathode became unstable and severely 
attenuated and continuity 1n the recording of Auger spectra and constancy 
of the electron beam current density was lost. Therefore the attempt to 
pursue these experiments were abandoned.
8.6.3 Electron Beam Bombardment J * 9.5 x 10-4  A/cm2 and Ep “ 1.5 keV
8. 6.3.1 Electron Beam Bombardment (J-9.5 x 10-4  A/cm2) of the 1000 L Oxygen 
Exposed Surface
The effects of electron beam bombardment on the 1000 L oxygen exposed 
surface by 1.5 keV electrons of current density J=9.5 x 10-4 A/cm2 is  
I llu stra ted  In Fig. 8.19(a) by the changes 1n the 0|(LL, A1LVV and AlLVoVo 
PPH in tens ities versus Irrad iation time. The 0888 and Al-084 signals 
decreased considerably with dosage, where as the Al67 signal Increased with 
dosage. At the end of the 90 minute Irradiation period the sample was 
s lig h t ly  moved and Auger spectra from this non-Irradiated spot recorded. 
The PPH Intensities from these spots have been marked as N on the figures.
A useful plot Is the ra tio  0808/A l67 ( to be known as ratio A) versus 
Irrad ia tion  time. Ratio A. gives an Indication of surface oxygen coverage 
1n any e lectronic environment. The ratio B, Al-084/Al-0®4+Al®7, on the 
other hand gives an Indication of the concentration of the surface oxide 
since the A l-054 Auger cross-transition only grows 1n Intensity when
Fig. 8.19 (a) AES PPH variation  of AI67, 0505 and Al-Q54 peak? WVtJl
e lectron beam Irrad iation timp for the inno L exposed surface
X
- 151 - Ch.8
chemisorbed oxygen becomes oxld lc.
The ra tio s A and B have been plotted 1n Fig. 8.19(b) against Irradiation 
time and points marked N correspond to non irrad iated spots. Fig. 8.19(b) 
shows that the overa ll, rate of oxide reduction occurs at a faster rate 
than the decrease 1n the oxygen le ve l. The reduction in ratio  B and 
increase of elemental A l67 1s being interpreted as decomposition of the 
aluminium oxide and possible desorption of oxygen under the direct action 
of the electron beam.
A qua lita tive  feel fo r the changes in  the PPH in tens it ie s  can be made by 
noting these, after 50 minutes of continuous electron bombardment. The 
Al-054 and the 05®5 peaks decreased by 55 and 21 % respectively. Ratios A 
and B on the other hand decreased by 29 % and 44 %. The A l67 signal
in tensity  increased by 17 %.
The signal PPH in tens it ie s  from the non-irradiated spots compared with 
those at zero electron beam irrad ia tion  are consistent with the residual 
gases previously mentioned in section 8.6.2 and fa l l within the
experimental error.
E ffective total desorption cross-sections derived from the decrease in the 
AES PPH induced by the electron beam can be estimated i f  these are shown to 
obey f i r s t  order rate expressions of the form, as given by eq. 3.7. 
Linear logarithmic least squares analysis has been performed on the Al-0 , 
0505, ra tio s  A and B by use of a computer program, which showed the Al-054 
and ra t io  B to decrease lin ea rly  with Irrad iation time, with regression 
coeffic ien ts of -0.98 or better.
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Linear logarithmic least squares of the 0505 signal PPH and Ratio A did not 
give a straight line  f i t  through the data points Indicating that the 
changes did not obey a f i r s t  order rate expression. Ordinary lin ea r least 
squares gave a s im ilar result with wide scatter In the data.
Figs. 8.20(a,b) show normalised ln(Al-O^) and ln(rat1o B) to the ir 
In it ia l values, as a function of Irrad iation time. The calculated error in 
the data has been drawn 1n as broken lines.
From the measured slope and knowledge of electron beam current density and 
e lectronic charge, the e ffective  cross-section 1n the decrease o f Al-054 
Auger signal PPH and ra tio  B Induced by the electron beam, can be 
calculated. This has been done for a set of experiments, for the 1000 L
nr\
oxygen exposed surface and an average effective cross-section of 3 x 10 
cm2 has been estimated. This value 1s 1n error by at least a factor of 2, 
since the electron current density can only be estimated to th is  accuracy 
1n the present experimental set up.
By use of another computer program which can perform non-linear least 
squares f i t  of the f ir s t  order rate expression of eq. 3.7, good estimates 
of the e ffective cross-section can be obtained. Eq. 3.7 has been 
re-written in the form
N(t) = N„ + (N0 - Njexp(-QT J/e t) ...(8 .1 )
where QT, J/e , Ng and N„ are parameters to be optimised by an Iterative 
procedure. A fter In it ia l guesses for these have been made, the program 
gives a line  o f best f i t  through the experimental data points. In eq. 8.2 
N(t) 1s the number of remaining atoms (proportional to the AES PPH) at time 
t ,  Ng 1s the In it ia l concentration of the atoms on the surface, N , Is the

- 153 - Ch.8
equilibrium value after prolonged electron bombardment, Qy 1s the e ffective  
total cross section In the decrease of the AES PPH of the atoms 1n question 
and J/e Is the electron current density which Is held fixed during the 
Iteration procedure.
A non-linear least squares f i t  of eq. 8.2 (so lid  line) to the experimental 
data o f ratio B 1s shown 1n F1g. 8.21 which 1s 1n very good agreement with 
the data. The calculated value of the e ffective  cross-section was also 3 x 
10-20 cm2 and compares very well with the value obtained from the 
logarithmic linear least squares analysis.
8.6.3 .2  Electron Beam Boabantaent (J=9.5 x 10-4  A/c*2 of the 750 L Oxygen 
Exposed Surface
The effects of electron beam Irrad ia tion  on the 750 L oxygen exposed 
surface has also been Investigated and s im ilar analysis performed as fo r 
the 1000 L surface. The overall Auger signal PPH in tens ities recorded 
prior to electron Irrad iation were comparable to those from the 1000 L 
surface. F1g. 8.22(a) shows the variation of the O505, Al-054 and A l67 
PPH in tens ities with Irrad iation time. Shown 1n F1g. 8.22(b) are the 
variation of ratios A and B with Irrad iation time. After 50 minutes of 
Irrad iation time, the A l-054 and 0505 PPH had decreased by 74% and 14% 
respectively and ratios B and A by 69% and 33% respectively. The A l57 peak 
on the other hand had increased by 33%.
A linear logarithmic least squares analysis of the A1«054 and ratio B data 
yielded an effective cross-section of 7 x 10"20 cm2 and these plots are 
shown 1n Fig. 8.23(a,b). Non-Hnear least squares f i t  to the experimental 
data of ra tio  B 1s shown 1n F1g. 8.24 and from th is an average e ffective  
cross-section of 5 x 10"2® cm2 was calculated.
Ra
tio
8.20 (b), normalised ratio  B versus irrad ia tion  t1me_(ED = 1500 eV, J - 9^ 5
x 10-4 A/cm2, 1000 L).
F i g .  8.22 (a) Variation of 0505. AT67 and A1-05* Auger PPH with, 
irrad ia tion  tin»- fb) v a r i a t i on of Auoer ratios A and B with Irradiation
time (750 L. J -  9.5 x 10~4 A/an2,_Ep = 1500 eVj;_
Fig. 8.23 (a) Natural log of Al-054 and ratio  B versus Irradiation time
A 2for the 750 L oxygen exposed surface (J = 9.5 x 10~ A/cm ).
.\L
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R A T I O  B V I R R A D I A T I O N  T I ME  P 2 r 6 D 1 5
IRRADIATION TIME (SECONDS)
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Fig. 8.24 Non-linear least squares f i t  to the data of Fig . 8.22(b). 
normalised ra tio  B versus irrad ia tion  time (750 l .  J = 9.5 x 10~4 A/cm2L
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The decrease In the O505 PPH with Irradiation was not exponential 1n nature 
could be approximated with a stra ight line  drawn through the data points.
8.6.3.3 Electron Bea* Irradiation (J-9.5 x ltT4 A/«?) of the 250 and 100 L 
Oxygen Exposed Surface
The response of the 250 and 100 L oxygen exposed surfaces to electron beam 
bombardment was quite s im ila r and for th is reason have been treated 
together. The In it ia l PPH of the Al-054 was s lig h t ly  less Intense, the
A l67 s lig h tly  more and the 0505 PPH of same Intensity compared with the 
more heavily oxygen exposed surfaces.
The variation 1n the 0505, A l67 and Al-054 Auger PPH in tens it ie s  with 
Irradiation time 1s shown 1n Fig. 8.25(a) and those of ratios A and B in 
Fig. 8.25(b) for the 250L exposed surface. The percentage decrease in the 
Al-054 signal after 50 minutes of electron beam irrad ia tion  time was 82%
and that of 0505 only 10%. Ratio B had decreased by 72% and A by 25%. The
Al67 signal PPH on the other hand had Increased by 16%.
A linear logarithmic plot o f the decay of ra tio  B with Irradiation time for 
the 250L surface 1s shown 1n F1g. 8.26(a) and an effective cross-section 
of 7 x 10- 20 cm2 was estimated from Its slope. And from the non-Hnear
least squares f i t  to the experimental data, QT was calculated to be 5 x
10"20 cm2. This plot 1s shown 1n F1g. 8.26(b).
Again the decrease In the 0*05 signal and ra tio  A was not exponential lik e  
and could be approximated by a straight line  drawn through the data points.
8.6.3.4 Electron Beam Irradiation (J-9.5 x 10-4  A/cm2) of the 50L Oxygen 
Exposed Surface
250 L J=9.5x10'4A/cm2
Fig. 8.25 (a) Auger signal PPH of A l67. A1-054 and 0505 versus irrad iation 
time, (b) Ratios A and B versus irrad ia tion  time for the 250 L exposed. 
surface (J = 9.5 x 10~^  A/cm )^.
F1g. 8.26 (a) linear logarit hmic least squares plot of the decay of ratj a  
B with irrad iation time, (b) Non-l1near least squares f i t  (so lid  11ne]_to 
the data of F1o. 8.25(b) (250 L. J ■  9.5 x 10~4 A/on2! .
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The behaviour of the 50L oxygen exposed surface to electron Irrad iation was 
quite sim ilar to the more heavily oxygen exposed surfaces. But since 50L
corresponds to an oxygen coverage well below the saturation leve l, the
Al-054 Auger signal PPH 1s very small compared with the A l67 s igna l.
Cross-section measurements from the decay of the Al-054 PPH were not made 
because the values were considered to be less re liab le . However a plot of 
A l67, 0505 Auger PPH and ratio  A against Irrad iation time are shown In Fig.
8.27(a,b).
8.6.4 Electron Beam Irradiation (J«5 and 1.2 x 10"4 A/«2) of the 250 L 
Oxygen Exposed Surface
The response of the 250 L oxygen exposed surface to electron bombardment 
with reduced current densities of J * 5 x 10 4 and 1.2 x 10 A/cm was
also investigated. A reduction 1n the electron flux, Inevitably resulted 
1n less Intense Auger signal Intensities and hence reduction In the 
sen s it iv ity  of the analyser. This was pa rticu la rly  so for the la tte r 
electron current density.
The variation of the Al67, Al-054 and 0505 Auger signals and ra tios A and B 
against Irradiation time are shown in Figs. 8.28(a,b) respectively. For J 
= 5 x 10"4 A/cm2, the Al-054 PPH decreased very much as before but in th is
case by only 50% 1n the f i r s t  50 minutes of Irrad iation time. The 0505 PPH 
stayed v ir tu a lly  unchanged from Its In it ia l value and the Al67 PPH 
Increased at a slower rate with an overall Increase of 5%.
From the logarithmic linear least squares plot of the normalised ratio B 
versus irrad ia tion  time of F1g. 8.29(a), the effective cross-section In 
the reduction of ra tio  B was estimated to be 6 x 10’ 20 cm2. The non-Hnear
cl) 50 L J=9.5*10r^A/cm2
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F1g. 8.27 (a) variation of A l”  and Auoer signal PPH with Irradiation 
time, (b) Variation of ratio * irrad ia tion  time U n-1 1500 eV, J_ L  
9.5 x 10"* A/cm2. 50 L).
a) 250 L J=5x10"^A/cm2
Fig, 8.28 (.) V.H .MM . of »I67. ” *
........... .inn t l .  t,| • « ■  ’ " -4 " ~ Z ' " n " ™ 1
Variation of ratios A and B.
Fig. 8.29 (a) Linear natural logarithmic plot of  ratio B versus 
Irradiation time (b) Non-linear least squares f i t  (so lid  line) to the raw 
data of ratio B ( 50 L J * 5 x 10'4 A/cm2, Ep -  1500 eV).
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least squares f i t  to the data gave QT - 5 x lO"20 cm2. This plot 1s shown 
in F1g. 8.29(b).
For the current density J = 1.2 x 1CT4 A/cm2 the signal to noise ratio was 
very poor and but 1n this case the PPH Intensity of both the Al-()54 and 
A l67 signals actua lly  decreased where as Irradiation time with the 0505 
signal remained unchanged. No cross section estimates were made using th is
data.
8.6.5 Electron Beam Irradiation ( J - 1.9 x 10-3 A/cm2 ) o f the 350
L Oxygen exposed Surface
In th is experiment a 350L oxygen exposed surface was bombarded by an 
electron beam current density of 1.9 x 1(T3 A/cm2 for a period of 280 
minutes. The response of th is  surface to Irradiation at a higher electron 
flux was s im ila r to previous Irradiation experiments, except for the A l67 
PPH which only decreased by only 5% during the f ir s t  50 minutes of 
bombardment. The variation of the Al«7, Al-O^ and 0* *  peaks with 
irrad ia tion  time 1s shown in Fig. 8.30(a) and those of ra tios A and B in
Fig. 8.30(b).
Logarithmic lin ea r least squares analysis performed on the Al-054, 0505,
ratios A and B a l l yielded straight lin e  f i t s  to the data. In addition the 
0505 data also gave a good f i t  when treated with ordinary linear least 
squares analysis. Estimate of the cross-section from th is was considered 
less re liab le . F1g. 8.31(a) I llu stra te s  the logarithmic linear least
squares plot o f ratio B with Irrad iation time and from Its slope an 
effective cross-section of 1.3 x lO"20 cm2 has been calculated. Non-l1near 
least squares f i t  to the same data 1s shown In F1g. 8.31(b). From th is an 
effective cross section of 1.6 x ICT2« cm2 was calculated. Estimates of QT
F1g. 8.30 (a) Variation of A l67. Al-054 and 0505 AES PPH in tensities 
versus Irradiation time (350 L, J = 1.9 x 10~~* A/cm ,^ Ep ° 1500 eV).— Ü il 
Normalised Auger ratios A and B versus Irradiation time.
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Fig. 8.31 (a) Natural log o f ra tio  B versus Irradiation time (b) 
Non-Hnear least squares f i t  (so lid  line) to the raw data of ra tio  B (350
L, J = 1.9 x 10~3 A/cm2).
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made from 0505 and ratio A data were approximately 50% smaller.
Tables 8.2 and 8.3 provide a summary of the percentage changes 1n the PPH 
Intensities of A l67 , 0505, Al-054 and ratios A and B after 50 minutes of 
electron bombardment for the 50. 100, 250. 350. 750 and 1000L oxygen 
exposed surfaces for electron current densities of 1.9 x 10‘ 3, 9.5 x 10 4 5 
x 10“4 , and 1.2 x 10-4 A/cm2. A summary of the estimated effective 
decomposition-desorption cross-sections from the decrease 1n the Al-0*4 and 
ra tio  B data for the same electron current densities mentioned above 1s
shown in Table 8.4.
The results of the electron beam Irradiation experiments w ill be discussed 
and Interpreted 1n the next section.
8.7 Discussion of Results
8.7.1 Discussion of the Possible Sources of Error
The scatter associated with the adsorption and electron beam Irrad iation 
data can be attributed to the following possible sources of error.
1) Argon 1on sputtering o f the surface, w ill have resulted 1n roughness on 
the microscopic scale. 1n the form of kinks, steps and cones. Due to the 
broad nature o f the ion beam these structural defects were probably 
d istributed across the whole of the sample surface. Compared with a smooth 
surface the Auger signal Intensities would be s lig h tly  attenuated.
2) Since exposure of the surface to oxygen was carried out 1n the STC. the 
sample had to be transported, backwards and forwards between th is  and the 
SAC. For the recording of the AES spectra the. sample was required to be
Table 8.2 Summary of percentage changes In the A l-054. A l67 and 0505 Auger 
PPH of pre-oxygen exposed surfaces after 50 minutes of electron beam 
irrad iation.

Table 8.4 A sugary of the estimated effective decomposition-desorption 
cross-sections from the decrease in the Al-P*4 and ra t io .B data at various 
electron current densities and oxygen p*poSure levels (* values unreliable 
due to poor Al-O** signal to no1s* ra tio . ~  cross-section values 
calculated by non-Hnear least squares f it t in g ) .
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placed at the previously determined position for resolution and Intensity 
reasons. A great deal of the observed scatter 1n the data may have been 
due to sample positioning problems.
3) Because the oxygen Auger KLL peak occurs at a higher energy than the 
aluminium LVV peak a higher energy modulation voltage was required to 
Increase the sen s it iv ity  for detection of the oxygen signal. The 
modulation amplitudes were set normally within several percent of the pre 
determined values but sometimes not so.
4) A s ign ifican t amount of vibration from the rotary backing pumps, w ill 
have led to the forced o sc illa tion s  of the sample transfer rod which was 
quite long and susceptible to o sc illa tion s of amplitude 25 to 50% of the 
electron beam diameter are possible. For o sc illa tion s  In the surface 
plane, the e ffective  irradiated area 1s consequently larger.
5) The pump down time associated with the In it ia l adsorption of the clean 
surface and 1n between adsorption cycles may have an effect on the overall 
exposure level in terms of determining the exposure scale.
6) Exposure of the surface with the 1on gauge on may Influence the 
reactiv ity  o f the oxygen atoms or molecules with the surface, since i t  Is 
well known that Ion gauges produce excited species. In th is  case the ion 
gauge was out of d irect lin e  of sight with the surface, and due to the low 
exposure pressures the excited molecules or atoms are l ik e ly  to co llide  
with the walls of the appendages before arriv ing at the sample surface due 
to the long mean free path and consequently any arriv ing w ill be In the 
ground state.
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8.7.2 Adsorption of Oxygen on the Polycrystalllne Surface
The general form of the adsorption pro files for oxygen on polycrysta lllne 
aluminium surface, obtained by AES, 1s very sim ilar to those reported by 
Martinson and Flodstrom (1979) and others, whose work have already been 
reviewed 1n section 4.2.1.
From Figs. 8.13 -8.17 and consideration of adsorption results of previous 
authors who have used techniques other than AES, a two stage oxidation 
process for the polycrysta lllne surface Is suggested: a chemisorption stage 
proceeded by an oxidation stage. 1) Chemisorption stage: th is stage Is 
characterised by In it ia l Interaction of oxygen with the clean surface. As 
the available adsorption s ite s  become occupied, the growth 1n the 0505 
Auger signal slows down and the A l67 Auger signal diminishes 1n Intensity 
very rapidly. The completion o f the chemisorption stage 1s marked by the 
f i r s t  appearence of the Al-054 Auger Inter -atomic cross transition  due to 
formation of bulk-Hke aluminium oxide. This occurs at oxygen exposures of 
20-50 L.
11) Oxidation stage: with Increasing exposure the O505 and Al-054 signals 
gradually reach saturation values. The surface characteristics is  more 
l ik e  aluminium oxide like , with oxygen most probably penetrating the sub 
surface atomic layer. After 1000 L of oxygen exposure a tiny A l67 signal 
1s s t i l l  detectable.
The source of the elemental aluminium signal may be due to several reasons.
a) Contribution by the underlying bulk aluminium atoms 1s very lik e ly . The 
Ine lastic mean free path (IMFP) of the 67 eV electrons Is about 7 A as 
determined from the universal MFP versus kinetic energy curve of F1g. 2.4
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of section 2.2.1.3. In addition, the Information or escape depth 
corresponds to three times the MFP and 1s defined as the depth from which 
95 % of the electrons are able to escape without under going Ine lastic  
co llis io n s . The A1203 la t t ic e  distance 1s approximately 5.1 A. This 
distance could be approximated by at least two aluminium la tt ice  and two 
aluminium oxide la t t ic e  distances from which A l67 electrons can escape 
without suffering energy losses.
b) A possible source, could be due to the active decomposition o f the 
surface oxide by direct action of the electron beam. However contribution 
from th is process Is lik e ly  to be very small, due to the small overall dose 
delivered to the surface during acquisition of Auger spectra.
c) The surface may not be homogeneously oxidised, and may consist o f areas 
o f chemisorption and fu lly  oxidised regions under the area of the Incident
beam.
The general shape of the adsorption p ro file  and value of the in it ia l 
stick ing coeffic ient agreed very well with those obtained by Martinson and 
FIodstrom (1979) for the oxygen on A l( l l l )  face. Hence It would appear 
therefore that the polycrystal line  sample surface was probably composed of 
(111) facets.
8.7.3 Electron Bean Irradiation Experiments
The electron beam effects, observed at the oxygen exposed po lycrysta lline 
aluminium surfaces w ill be Interpreted and discussed 1n terms of electronic 
excitation mechanisms that lead to the electron stimulated desorption (ESD) 
and electron beam Induced decomposition (EBIO) proposed by Redhead, Corner 
and Menzel, and Knotek and Felbelman. Also 1n terms of electron stimulated
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desorption (ESA).
Thermal effects, arising from direct power heating of the sample by the 
electron beam can safely be ruled out, due to use of re la tive ly  low 
electron current densities. In section 8.6.2 an estimate of the probable 
steady state temperature rise  1n the Irradiated area was shown to be of the 
order o f 0.2 K for the highest electron current density employed. This 
tiny r ise  above the room temperature Is un like ly  to cause any thermal
desorption effects.
Charge accumulations, can also be confidently ruled out for two reasons:
1) No sh ift 1n the energy of the Al-054, A l67 or 0505 Auger peaks was 
observed, during the course of the Irradiation experiments. I f  the surface 
had acquired any charge then equal sh ifts  1n energy of the Auger peaks 
would have resulted.
2) Charge accumulations normally occur, and are a serious problem in 
insulators and in  semiconductors. The most heavily oxygen exposed surface
i.e . 1000 L, 1s unlikely to have developed more than a couple of monolayer 
coverages thick oxide layer.
Analysis of the electron beam Irradiation experiments, show decisive ly, 
reduction with electron dose of Al-054, 0505 Auger signal PPH Intensities 
and ratios A and B for almost a ll levels of surface oxidation and electron 
current densities. The A l67 Auger signal on the other hand Increased with
electron dose.
Since Al-0®4 and ratio  B give an Indication o f  the overall oxide content of 
a HorroACP in these . Indicate that the aluroini
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desorption (ESA).
Thermal e ffects, arising  from d irect power heating of the sample by the 
electron beam can safely be ruled out, due to use of re la tive ly  low 
electron current densities. In section 8.6.2 an estimate of the probable 
steady state temperature rise  1n the Irradiated area was shown to be of the 
order of 0.2 K for the highest electron current density employed. This 
tiny rise  above the room temperature Is un like ly  to cause any thermal
desorption effects.
Charge accumulations, can also be confidently ruled out for two reasons:
1) No sh if t  1n the energy of the Al-054. A l67 or 0505 Auger peaks was 
observed, during the course of the Irrad iation experiments. I f  the surface 
had acquired any charge then equal sh ifts  1n energy of the Auger peaks 
would have resulted.
2) Charge accumulations normally occur, and are a serious problem in 
Insulators and 1n semiconductors. The most heavily oxygen exposed surface 
l.e . 1000 L, 1s un like ly to have developed more than a couple of monolayer
coverages thick oxide layer.
Analysis o f the electron beam irrad ia tion  experiments, show decisive ly, 
reduction with electron dose of A l-054, 0505 Auger signal PPH in tensities 
and ra tios A and B for almost a ll levels of surface oxidation and electron 
current densities. The Al67 Auger signal on the other hand Increased with
electron dose.
Since Al-054 and ra tio  B give an Indication of the overall oxide content of 
the surface, a decrease 1n these . Indicate that the aluminium oxide A1203,
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must be decomposing into elemental aluminium ( as Indicated by the growth 
o f the Al®7 signal) and oxygen 1n various excited states.
Observed reduction 1n the O®05 AES PPH and ratio A (0505/A l67) further 
indicates that the overall concentration of oxygen In any electronic state 
1s being depleted due to desorption from the surface. The source of the 
desorbed oxygen arises as product of the decomposition process and or from 
oxygen loosely associated with the surface substrate atoms. The desorption 
products are most probably 1n the Ionic and neutral states.
The decomposition process 1s most favourably explained by the 
Knotek-Felbelman mechanism which 1s the dominant desorption mechanism 1n 
the maximal valence compounds, as explained 1n section 3.2.3 (aluminium 
oxide A1203 1s one such compound). Electron excitation o f the oxide 
creates a core hole on the cation, and subsequent e lectron ic relaxation via 
Interatomic Auger transitions lead to loss of electrons from the cation, 
leaving a two-hole fina l state Al+—  0* which exhib it strong Coulomblc 
repulsion of su ffic ien t force to cause decomposition, and Coulonb explosion
desorption of 0* ions.
Such a process would then be expected to cause:
1) decomposition from those regions within the Irradiated area where 
chemisorbed oxygen had become an oxide and formed A12<>3 and therefore cause 
a decrease 1n the A l-054 Auger signal 11) desorption of 0+ ions and 
therefore a decrease In the 0505 signa l, though experimentally, the 0+ Ions 
could not be d ire c tly  detected. 111) an Increase 1n the Al®7 Auger signal, 
due to depletion of the oxygen and uncovering of the underlying substrate
aluminium bulk.
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In the Irrad ia tion  experiments with J=9.5 x 10"4 A/cm2 th is  is  exactly what 
has been observed and appears to be the dominant effect.
In addition to electron Induced decomposition, reduction In the oxygen 
Auger signal could also resu lt due to the Redhead-Gomer-Menzel mechanism 
whereby physlsorbed or loosely bound oxygen atoms would be ejected from the 
surface via Franck-Condon transitions from the ir ground states to excited 
anti-bonding state. The major desorption product of th is  mechanism is  
known to be neutrals, though here these could not be d ire c tly  monitored.
For the moment, referring to the results of Irrad iation experiments in 
which the electron current density was 9.5 x 10-4 A/cm2f 1f the observed 
reduction 1n the Al-054 and 0505 Auger signals with electron bombardment 
was en tire ly  due to the above electronic processes, then the ir decrease 
would be expected to obey exponential type decay curves from which total 
desorpt1on-decompos1t1on cross-sections could be deduced. The Al-054 Auger 
signal and consequently ra tio  B was shown to obey such exponential decay 
curves by performing linear logarithmic least squares analysis and non­
linear least squares f it t in g  of the equation governing the exponential 
decay. Inspection of these figures for oxygen exposures of 100 - 1000 L 
reveals reasonable agreement but closer inspection, pa rticu la rly  of the 
logarithmic lin ea r least squares plots indicate that the e ffective  total 
cross-section 1n the decrease of Al-054 Auger signal Is changing during the 
course of the Irradiation period. This Indicates that 1n addition to the 
ESD and EBID other processes may be occurlng.
Further evidence for th is , Is provided by the behaviour of the oxygen 
signal with Irrad iation. This signal does not decay exponentially and that 
the percentage decrease 1n the 0505 signal was 7 times less than the 
decrease 1n the Al-054 signal over the f i r s t  50 minutes Irrad iation period.
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During the same period the A l67 signal showed a s im ilar Increase 1n 
Intensity as the 0505 . These observations can be Interpreted 1n either or 
both of the two ways suggested below.
1) Decomposition o f A1203 by the Coulomb explosion mechanism, may not 
resu lt 1n total desorption and escape of the oxygen atoms and these are 
somehow re-captured by the surface. The new association with the surface 
need not lead to reoxidation. The probab ility  of recapture 1s Increased 1f 
the surface 1s not smooth but p itted or dominated by cones. In th is  case 
the desorption angles w ill not be well defined.
2) Electron stimulated adsorption of residual gases which can lead to 
adsorption of oxygen and deposition of carbon. This p o ss ib ility  1s further 
favoured by the resu lts of the Irrad iation experiments performed at clean 
aluminium surfaces and from which the decrease In the A l67 signal was 
faster from the Irradiated than non-1rradiated areas.
In addition, experiments performed at lower electron current densities, 
Indicate a reduction 1n the rate of Increase of the Al67 PPH and for J=1.2 
x lO"4 A/cm2 1t actua lly  decreased with electron dose. At the same time 
the 0505 signal stayed more or less constant. Though th is may partly be 
attributed to the reduction In the electron flu x , requiring longer doses to 
record measurable changes In the Auger signal PPH in tens ities.
Therefore, dominant electron beam effects observed 1n these experiments 
w ill depend on various parameters, among which are, nature of the sample 
surface and extent of surface oxidation, level of residual gases, electron 
flux and possibly primary electron energy.
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The predominant processes here, were electron Induced decomposition and 
desorption which agree with the resu lts of Smith (1976), and van Oostrom 
(1979) who, have observed decomposition and desorption from heavily 
oxidised aluminium surfaces. Their papers were reviewed in section 4.5.1.
The values of effective to ta l cross-sections calculated from the decrease 
1n the AES Al-054 PPH and ra tio  B from th is  study (for the 1000 L oxygen 
exposed surface), and those calculated by the author from the works of 
Smith, and van Oostrom are 1n reasonable agreement.
The effective tota l cross-section values calculated for the 100, 250 and 
750 L oxygen exposed surfaces were found to be approximately 2 times 
greater than the value calculated fo r the 1000 L surface. This result 1s 
not surprising, since more heavily exposed surfaces are l ik e ly  to develop 
several monolayers which w il l modify the observed tota l cross-section. ( 
see section 3.4.1)
From the measured e ffective  to ta l cross-sections, a c r it ic a l dose Dc can be 
estimated. This is  defined as the dose required to change the in tensity of 
AES PPH by 10% so as to minimise the damage by Irrad iation during Auger 
analysis. For oxidised aluminium, by use of eq. 3.9, Dc was estimated to 
be 0.2 C/m2 fo r a beam energy of 1.5 keV. Smith obtained a s im ila r resu lt, 
but van Oostrom found a Dc , 4 times greater.
Of major significance, are the reported resu lts of electron beam 
Irradiation experiments by Fontaine et al (1982), of oxygen exposed A l( l l l )  
and Al(100) surfaces. In fact th e ir  results and Interpretations, would 
appear to be 1n variance with the resu lts of th is  work. Fontaine et a l, 
have observed enhancement of the Al-0®4 and 0®^® Auger signal PPH
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Intensities with Irradiation of the A l( l l l )  surface, but observed no change 
on the Al(100) face.
The oxygen exposure levels p rio r to Irrad ia tion , and electron current 
densities and doses delivered to the surfaces were of the same magnitude as 
employed here, except for the energy of the primary electrons which was a 
lo t higher at 5 keV.
The observed Increases, were explained by a direct momentum transfer 
mechanism, whereby 5 keV electrons 1n near e la stic  c o llis io n s , cause 
transition  of chemisorbed oxygen Into oxide within the Irradiated zone ( i t  
can be easily  shown that the maximum possible momentum transfer to a heavy 
nucleus occurs during a head on co llis io n  and hence maximum k ine tic  energy 
gained by the nucleus Is 4mEk/M ). The growth In the oxide proceeds by 
another mechanism, whereby slow secondary electrons scattered from the 
walls of the analyser, cause chemisorbed oxygen atoms 1n the v ic in ity  of 
the beam to d iffuse Into the Irradiated area via Franck-Condon type energy 
gain mechanisms and become oxidised by the impact of the energetic 
primaries via the d irect momentum transfer mechanism.
In contrast, the Al(100) face, on the other hand, no such enhancement of 
oxide was observed. This was explained by reference to the adsorption 
resu lts of Martinson and Flodstrom who have reported that oxygen 1s 
Incorporated d ire c tly  on to the Al(100) face without the Intermediate 
chemisorption phase. It would appear therefore, that the hypothesis of 
Fontaine et al requires the oxygen to be 1n a precursor state and energetic 
primary electrons of Ep>5 keV for the enhanced oxidation In the Irradiated
area to be observed.
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Fontaine et al claim that the source of the oxygen was not from the 
residual gases In the experimental chamber which mainly consisted of C02, 
CO and water vapour from the bulk. However, 1t 1s very surprising that 
even on the A l(100) face no desorption or decomposition effects were 
observed, th is  would imply an establishment of equilibrium  between 
decomposition desorption and adsorption processes.
It would appear therefore, that In the experiments of Fontaine et a l , 
enhanced adsorption by d irect momentum transfer mechanism was dominant 
whereas 1n the experiments for th is  work desorption and decomposition 
phenomena dominated the outcome.
An interesting finding Is that of Falconer et al and P it ts  et al who have 
investigated simultaneous gas phase C02 and electron beam exposure of clean 
aluminium surfaces as reviewed 1n section 4.5.3. These authors found that 
a stable oxide layer within the Irradiated area resulted only a fte r removal 
of gas phase C02 and further bombardment by the electron beam. The carbon 
KLL signal was very small compared with the 0KLL signal, indicating 
dissociation of C02 Into CO and 0, with desorption of the CO and 
incorporation of the 0 on to the surface. An Interesting observation here 
is  that primary electron energies used for the irrad ia tion  ranged between 
0.5 and 10 keV with electron current densities of 10-3 - 101 A/cm2.
These authors did not carry out further irrad ia tion  studies on the enhanced 
oxide layer (1n the absence of gas phase C02) in order to see whether 
further oxidation or reduction of the oxide resu lts. Since however 
adsorption and oxidation with 500 eV electrons are being observed th is 
would ru le out the Fontaine et al mechanism from occurring here.
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It seems therefore that further experimental work 1s required to establish 
conclusively, the circumstances under which one or more of the e lectronic 
processes become dominant over the others. The nature of the sample 
surface and the experimental apparatus with Its residual environment are 
probably the most Important.
A possible explanation which would reconcile the experimental observations 
and Interpretations of th is  work and those of Fontaine et a l , 1s If the 
effect of secondary electrons are taken Into consideration. These are 
expected to play a crucia l role 1n the electronic processes that lead to 
the observed surface phenomena, as they emerge through the surface. This 
aspect of secondary electron emission was Introduced 1n sections 5.2.4 and
6.3. and w ill further discussed 1n the next chapter.
The tota l number of secondary electrons generated by the incident primaries 
depend on the primary energy, angle of Incidence with respect to the 
surface plane, nature of the surface. The tota l y ie ld  of a clean aluminium 
surface bombarded by 5 keV electrons at normal Incidence, 1s approximately 
0.3 and that of 1.5 keV electrons 0.6. For a fu l ly  oxidised aluminium 
surface, the to ta l y ie ld  fo r 5 keV electrons 1s 2 and fo r 1.5 keV electrons
3.6 - 4. Therefore at higher energies the contribution by the slow 
secondaries to the electron flux 1s less than halved. In the case of the 
oxide, the Intensity of the primary secondary electron current fo r  Ep = 1.5 
keV 1s 4 times that of the primary current. Hence the e ffective electron 
current density has to be modified to In order to take th is into account.
This perhaps 1s the additional mechanism that contributes to the desorption 
processes. Since the secondary electrons are slow, these are expected to 
enhance desorption via the Redhead-Gomer-Menzel mechanism. Thus the 
observation o f decomposition and desorption phenomena In th is  work and
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those of Smith, and van Oostrom could be accounted by th is e ffe c t. Where 
as in the work of Fontaine et al the secondary electron e ffect was not as 
In fluentia l. In the experiments of Smith, and van Oostrom 5 keV electrons 
were used to bombard the oxidised surface.
8.7.4 Conclusions
The in it ia l steps of oxygen adsorption at a polycrystal lin e  aluminium 
surface was analysed. This was shown to consist of two stages; in i t ia l 
chemisorption phase ( up to 50 L of oxygen exposure) followed by monolayer 
coverage, and oxidation of the surface a fter a tota l of 120 - 150 L of 
oxygen exposure. The in i t ia l  stick ing coeffic ien t S0 was estimated to be 
0 . 02.
Electron beam Irrad ia tion  o f the 50 - 1000 L oxygen exposed surfaces, 
resulted in the predominant decomposition of the oxide and desorption of 
oxygen by the Coulomb explosion and electron stimulated desorption 
mechanisms. E ffective  to ta l cross-sections of the decrease in  the A l-054 
AES PPH and ra t io  B, was estimated to be 6 ±.5 x 10-20 cm2 fo r the 100 - 
750 L exposed surface and (3 ±.5) x 10"20 cm2 for the 1000 L surface. From 
these tota l cross-sections a c r it ic a l dose Dc of 0.2 C/cm2 at a beam energy 
of 1.5 keV was estimated to be necessary 1n order to lim it surface damage 
to less than 10 %.
Further experimental work 1s necessary 1n order to establish the 
circumstances under which decomposition and desorption dominates adsorption 
and v1ca-versa. In the next chapter results and discussion of secondary 
electron emission y ie ld  measurements on the clean and oxygen exposed 
aluminium surfaces w ill be presented.
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CHAPTER NIKE
RESULTS AM) DISCUSSION: SECONDARY ELECTRON EMISSION YIELD ECASUREMEKTS
CLEAR ahd oxygeh adsorbed polycrystallihe aluhihiuh surface
9.1 Introduction
In th is  chapter the resu lts of to ta l SEE y ie ld  measurements from clean and 
oxygen adsorbed polycrystal lin e  aluminium surfaces w ill be presented. The 
evolution o f the total y ie ld  with oxygen exposure, has been correlated to 
the variation of the A l67, A l-054 and 0505 Auger PPH Intensities as 
established from the resu lts of chapter 8. The tota l y ie ld  resu lts w ill be 
discussed and Interpreted 1n terms of the modern SEE theory presented 1n 
chapter 5.
9.2 Suaury of the Experimental Procedure and Initial Yield Measurements of 
the Contaminated Alualnlimi Sample
A more detailed account of the experimental procedures has been described 
in section 7.2.4. The to ta l y ie ld  o, was measured 1n terms o f the absorbed 
sample current Ia, which was detected by a gated linear am plifier employing 
modulation and lock-in detection. At the same time the sample was ramped 
with a retarding potential 0 to -1000 eV to simulate the variation 1n Ep. 
Of course Ep and Ip were kept constant throughout. The electron beam 
struck the surface at normal Incidence.
The tota l secondary electron y ie ld  o, versus Ep for the contaminated 
surface 1s shown 1n F1g. 9.1. The corresponding AES survey spectrum of 
th is  surface was shown 1n F1g. 8.3 1n the la s t chapter but 1s reproduced 
here for convenience. This survey spectrum was taken after the system had
Fig. 9.1 Total secondary electron y ield a versus primary e lectron 
acceleration vnltaoe for the contaminated surface, after the bakeout ¿Ep
900 eV and Ip = 10 uA).
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been baked to obtain STC and SAC base pressures of 10"9 and 10_1° to rr. 
The AES survey spectrum of F1g. 9.2 Indicates a heavily contaminated 
surface. The most Intense Auger signals were due to carbon, oxygen and 
sulphur. The Al+054 Auger peak due to aluminium oxide was barely 
detectable Indicating that the carbon contamination masked the oxide 
signal. From F1g. 9.1 the value of the maximum tota l y ie ld  and 
corresponding primary energy E ^  was measured to be 2.1 ±..02 and 379 ± 10 
eV respectively. This value o f 1s s lig h t ly  lower than expected for a 
clean aluminium oxide surface. The uncertainty In the measurement of E ^ *  
Is quite large due to the broad nature of the maximum y ie ld . The y ie ld  
curve of Fig. 9.1 was obtained with Ep *= 900 eV and Ip = 10 uA.
The aluminium surface was cleaned by argon 1on sputtering prior to each 
y ie ld  measuring experiment. Fig. 9.3 Indicates o versus Ep for the 
contaminated and sputter cleaned surfaces. Oxygen exposure of the sample 
surface was by the dynamic method as described 1n section 7.1.4.1. Oxygen 
was leaked Into the STC to a particu la r pressure 1n the range (10~8- 10"5 
torr) and the duration of exposure timed. The pressure-time product was 
converted to Langmuirs l.e . 1 L * 10"® to rr second.
From a consideration of prellmenary electron beam effect resu lts a ll 
subsequent y ie ld  measurements were made with Ep - 900 eV, Ip - 7.5 pA and 
defocussed beam diameter of 1.5 nm.
9.2.1 Digitisation of the Yield Curves
It was found necessary, to d ig it is e  most of the y ie ld  curves so that the 
y ie ld  could be deduced at spec ific  primary energies. The y ie ld  curves were 
recorded permanently by use o f an X-Y recorder. The actual d ig it isa tio n  
process, consisted of using the Ferranti Cetec d ig it is e r  In conjunction
dN
(E
)/d
E 
(A
rb
. 
Un
its
)
Fig. 9.2 AES survey spectrum of the contaminated A1 surface after the 
bakeout (Ep = 1500 eV. Ip = 20 uA).
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F ig . 9. 3 Total secondary electron y ie ld  o versus Ep fo r the contaminated 4 i 
surface and aroon ion sputter cleaned surface (E»* « 5 keV, l At « 15 pA for
10 minutes).
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with the campus GEC 4080 main frame computer. The d ig itised  raw data in 
the form of a series of X-Y coordinates given in mm, were processed by a 
lib rary  of Fortran subroutines, after which the Y coordinates were
converted to absolute y ie ld  values and the X coordinates to primary 
acceleration voltage Ep from a knowledge of conversion factors.
The sampling rate during the d ig it isa t io n  process was quite high, and Ep 
could be located w ithin ± 2 eV. N(E) spectra, was also d ig itised in the 
same way, and by use of simple Fortran programs, the d ig itised  data was 
integrated to give areas under N(E) curves and hence the re la tive
contributions of secondary electrons to the tota l y ie ld .
9.2.2 Yield versus Ep Measurements for 0 - 1 0  000 L Oxygen Exposures
Fig. 9.4 shows a series of a versus Ep curves at various oxygen exposure 
levels from 0 L corresponding to the clean aluminium surface, to 9600 L 
corresponding to several monolayers of oxygen adsorption. In th is exposure 
range a increased monotonically fo r a ll Ep. For the clean surface, 
was found to be 1.00 ± .03 at an Epmax of 300 ± 10 eV and after 7200 L of
oxygen exposure increased to 1.25 and Epmax to 325 eV.
Fig. 9.5 shows the variation of a ^ ,  a50, o10o and o80o with oxygen 
exposure up to 9600 L. A ll four y ie ld  values increase with oxygen exposure 
but at s lig h tly  d ifferent rates. For o50 and o10o the overall increase was 
greater compared with y ie lds at 310 eV and 800 eV.
Table 9.1 represents a summary of numerical changes in y ie ld  for Ep * 50, 
100, 800 and E fo r various high oxygen exposure levels.
F1g. 9.4 Total y ie ld  curves (g versus Ep) for various oxygen exposure 
levels 0, 480, 2400 and 7200 L.
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Fig. 9.4 Total y ie ld  curves (o versus Ep) for various oxygen exposure
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Fig. 9.5 Variation of 
10000 L.
_°max«_°50i_?100 and <*nn with oxygen exposure up to
Table 9.1 Typical numerical variation In the total y ie ld  a 
fo r varluos primary energies at selected oxygen 
exposures up to 10000 L.
Oxygen
exposure (L) °50
0 0.54
480 0.57
2400 0.75
4800 0.79
Total y ie ld  o (±.02)
°100 °max °800
0.80 1.01 0.83
0.83 1.06 0.84
0.98 1.18 0.92
1.00 1.22 0.94
8880 0.86 1.07 1.27
0.97
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9.2.3 Total yield Measurements for Oxygen Exposures of 0 - 1000 L
The changes In the y ie ld , of the surface at early stages of oxidation, was 
Investigated by reducing the oxygen partia l pressure In the STC to between 
10"8 and lO-7 to rr , and exposing the clean surface to an equivalent time 
for 1000 L. In order to correlate the behaviour of the y ie ld  to the level 
o f oxygen adsorption, AES window spectra of the A1LVV, A lLVoVo and 0KLL 
peaks were also recorded by the method already described In section 7.2.3.1 
and Illustrated 1n Fig. 9.6.
In the preceding chapter the ratios A and B were defined as follows: A 1s 
the ratio of the 0505 Auger PPH Intensity to A l67 Auger PPH. Its magnitude 
gives an Indication of the overall oxygen content of the surface, 
Irrespective of the chemical environment or state of the oxygen. B was 
defined to be the ratio[A1-054/(A l-054 + A l67fl and gives an Indication of 
the overall oxide content of the surface. Since the A l-054 Auger signal is  
d ire c tly  due to oxidised aluminium, 1t appears only a fte r chemisorption of 
oxygen 1s complete.
The variation o f the tota l maximum y ie ld  c ^ ,  with oxygen exposure up to 
1000 L, is  shown 1n F1g. 9.7(a) together with the changes In the A l67, 
A l-054 and 0505 Auger PPH Intensities. Variation of o^x- ratios A and B 
with oxygen exposure are shown in Fig. 9.7(b).
From the above figures 1t can be seen that, c^x Increased 1n the same 
fashion with oxygen exposure as the O5«5 and Al-054 Auger signal PPH 
Intensities and AES ratios A and B. One outstanding feature of the figures
1s the noticeable s lig h t decrease 1n for the very ear1y stageS °f  
oxygen adsorpclon corresponding to 0-30 L of exposure. This decrease 
o^x is  not reflected by any corresponding change In the evolution of the
F1g. 9.6 Total y ie ld  o versus Ep for three d ifferent oxygen exposure 
levels of 0. 100 and 1000 L and the ir corresponding A!67. Al-054 and 050  ^
Auger window spectra (Ep = 1500 eV, Ip =7.5 yA, Vm = 4 and 10 VppJ^ .
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Fig. 9.7 (a) w  U 67 r Al-O54 and 0505 AES PPH in tens ities versus oxygen 
exposure (0 to 1000 L). (b) a-.-, ra tios A and B versus oxygen exposure.«
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0505 or Al-054 Auger peaks. In fact, th is  s ligh t decrease 1n c^x» 1s 
observed well before the detection of the Al-054 Auger signal.
The value of decreased from 1.02 to 0.97 for the f i r s t  10 L a fte r
which 1t began to Increase In the same fashion as the 0505 signal, reaching 
a value of 1.15 after 1000 L of oxygen exposure. The y ie ld s at other 
primary acceleration voltages for example 50, 100 and 800 eV, also 
Increased 1n the same way as the O585, Al-054, and ratios A and B as 
Illu stra ted  1n F1g. 9.8. From these figures the In it ia l s ligh t drop 1n 
at the In it ia l stages of chemisorption 1s also apparent.
For oxygen exposures greater 10 L and up to 1000 L the y ie lds Increased 
quite d ra s t ica lly , with large rate of Increase occurlng for the low primary 
electron acceleration voltages and corresponding to points on the exposure 
scale when monolayer coverage and chemisorption phase is  complete. For 
example for Ep = 50 eV Ac = 0.20 and Ep * 800 eV Ac = 0.10.
Summarised 1n Table 9.2 are to ta l y ie ld  values, for various primary 
acceleration voltages and at several oxygen exposure levels of up to 1000
9.2.4 Total Yield Measurements for Oxygen Exposures of 0-50 L
in these set of experiments, changes in the y ie ld  for the very early stages 
of oxidation was Investigated further. Adsorption pressure 1n the chamber 
was reduced to lO’ 8 to rr and the clean surface exposed for a period 
equivalent to 0 - 50 L of oxygen. Evolution of <foax» with oxygen exposure 
is  shown in Fig. 9.9 together with the »1-0». «Ie7. 05»5 Anger s lgn .l PPH
Intensities.
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Table 9.2 Typical numerical variation of total y ie ld  o at
various primary electron energies for various oxygen 
exposure levels up to 1000 L.
Oxygen Total y ie ld a (±.02)
exposure (L) °50 °100 °max °800
0 0.53 0.78 1.00 0.82
48 0.60 0.83 1.01 0.85
192 0.71 0.89 1.08 0.90
480 0.72 0.92 1.10 0.90
960 0.73 0.94 1.14 0.94
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F1g. 9.9 confirms the s ligh t decrease 1n c ^ ,  observed 1n the experiments 
of section 9.2.3. The position of the minimum corresponds to 6-7 L along 
the oxygen exposure axis. By comparison, the A l-0^ Auger signal does not 
appear un til a fter 24 L o f oxygen exposure. The evolution of <^ ax 
thereafter, follows that of the (£05 Auger signal PPH Increasing steadily. 
Because the 0505 Auger signal has not quite reached saturation level the 
trend In am x  1s s t i l l  upward.
In order to demonstrate the reproducib ility  of the observed minimum 1n <^ ax 
the resu lts of four d iffe ren t experimental runs have been shown 1n F1g. 
9.10 together with a for Ep = 130 eV (o j3o)» F19* shows clearly a 
defin ite  decrease 1n and o^ q.
The evolution o f the y ie lds at other primary acceleration voltages with 
oxygen exposure up to 50 L e.g. 50. 100. 800 eV, are shown In Fig. 9.11. 
The trend 1n the y ie lds are upward particu larly  after the chemisorption 
phase of oxygen as marked by the appearence of the Al-05* Auger signal. 
The biggest rate of Increase 1n o occured for low primary acceleration 
voltages. For Ep = 50 eV the resultant Increase In o was 0.18 and for «ioo 
0.12. For Ep > 500 eV the overall change 1n a was almost zero. Table 9.3 
shows typ ica l changes 1n the yie ld  for various primary energies for the 0 
to 50 L oxygen exposure regime.
Thus from the foregoing resu lts, the following general statement can be 
made for the low oxygen exposure regime: for > 15 L, o Increased for a ll 
Ep; and that the overall Increase in a was greater for Ep < 100 eV than for 
Ep > 100 eV; and no minima 1n o for Ep < 100 eV was observed.
The resu lts o f the y ie ld  measurements for clean and oxygen exposed 
aluminium surfaces w ill be Interpreted 1n terms of the modern secondary
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Table 9.3 Typical numerical changes In y ie ld a at
various primary energies for oxvgen exposure
levels u d  to 50 L.•
Oxygen Total y ie ld o (±.02)
exposure (L) a50 °100 °max °800
0 0.52 0.78 1.00 0.84
2.5 0.55 0.78 0.98 0.83
10 0.58 0.78 0.97 0.81
24 0.65 0.82 1.02 0.83
36 0.70 0.90 1.06 0.83
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electron emission theory for nearly free electron metals. The observation 
of the reduction 1n with In it ia l oxidation which appears to be the 
f ir s t  such experimental observation w ill be Interpreted by the decrease of 
contribution of bulk and surface plasmon decay to SEE.
Enhancement of the y ie ld  with larger oxygen exposures w ill be described in 
more general terms by reference to SEE from Insulators and the ir band 
structure.
9.3 Discussion o f Results
From a consideration of resu lts , the discussion section w ill be treated In 
three parts. In the f i r s t  part, SEE y ie ld  measurements from the clean 
polycrysta lline surface w il l be discussed, I n it ia l ly  1n general terms to 
describe the shape of the y ie ld  curve and then with reference to the more 
recent theories of SEE, which assigns an Important role to the surface and 
bulk plasmons In SEE.
In the second part, the very early stages of oxygen adsorption and its  
effect on SEE w ill be discussed. The previously unreported, decrease 1n 
w ill be Interpreted 1n terms of an attenuation of the contribution to 
SEE by bulk and surface plasmon decay, but other possible Interpretations 
w ill also be considered, for example work function changes and 
backscatterlng ra tio .
In the th ird part, the Increased y ie ld , and hence SEE, with oxidation w ill 
be discussed with reference to models of SEE from Insulators.
9.3.1 Yield Measurements from the Clean Surface
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The form of the secondary electron y ie ld  curve, for the clean surface 
polycrystal lin e  aluminium surface Is very s im ila r to those from other 
metals. It consists of a smoothly ris ing  y ie ld  for low primary electron 
energies, reaching a broad maximum at approximately 300 eV, and decreasing 
slowly for Increasing primary electron energies. The maximum value of the 
y ie ld , from 18 separate measurements was found to be 1.00 ± .02 where 0.02 
1s the standard deviation 1n the measurements.
A qua lita tive Interpretation of the physical processes leading to the above 
form of the y ie ld  curve 1s as follows 1) A loss of energy by the Incident 
primary electrons 1n Ine lastic Interactions with the la t t ic e  and core 
electrons of the metal can create secondary electrons mostly at the 
penetration depth. 11) The so created secondary electrons then diffuse 
towards the surface and are Involved 1n further Ine lastic co llis io n s  with 
the la t t ic e  electrons creating further secondary electrons, 1n a so called 
cascade process with ever decreasing energy. Secondaries with k inetic 
energy less than Ep + Incident normal to the surface do not escape and 
therefore make no contribution to the y ie ld .
The concept of escape depth of secondaries 1s quite important and 
determines the magnitude of the y ie ld . For low primary excitation 
energies, the penetration depth 1s small compared with the escape depth of 
the secondaries and these escape with ease leading to an Increase of the 
y ie ld  with primary energy.
For higher primary excitation energies, electrons, penetrate deep inside 
the metal for which the penetration depth exceeds the secondary escape 
depth. Consequently a lower y ie ld  results. The observed maximum yie ld  
corresponds to the equality of the penetration depth of the primaries and 
escape depth of the secondaries.
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The escape depth of the secondaries for A1 has been estimated to be 
approximately 30 A and Is typical for metals and 1s largely attributed to 
the high density of states In the conduction band 1n which the Internal 
secondaries lose substantial amount of k inetic energy through Inelastic 
co llis io n s . The above processes sa tis fa c to r ily  describes the general form 
of the secondary electron emission y ie ld  curve.
In chapters 5 and 6 1t was shown that the majority of the secondary 
electrons are slow (0 - 50 eV) and contribute up to nearly 80 % to the 
to ta l y ie ld for k ine tic  energies 1n excess of 200 eV. The remaining 20 % 
are made up of backscattered primaries which Include the e la s t ic a lly  
reflected and 1nelast1ca lly  scattered primaries which have lo st discrete 
amounts of energy 1n creating surface and bulk plasmons within the electron 
sea.
There 1s now strong experimental evidence that these so generated plasmons, 
make an additional contribution to the slow secondary electrons by decaying 
via single electron excitations from the conduction band. Fine structure 
observed on the slow secondary electron d istribu tion  curve (EDC) correspond 
to energy positions and (10.5 and 15.5 eV) with respect to the 
Fermi level.
Though from these resu lts direct quantitative estimate of the plasmon decay 
contribution to the slow secondaries cannot be made, the area under the 
plasmon loss peaks, can be correlated to the area under the EDC making up 
the slow secondary electrons.
9.3.2 Yield Results at very low 0xy9en Coverages
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The evolution of the total y ie ld  and 1n particu la r the total maximum y ie ld  
0n)ax can be divided Into 2 stages. In the f i r s t  stage, of the adsorption 
process l.e . 0 - 10 L, was observed to decrease and reach a broad 
minimum. From AES measurements It can be deduced that the chemisorption
phase of oxygen 1s not complete and the surface retains Its m etallic 
character. In the second stage of the adsorption process 1.e > 10 L,
1s observed to gradually Increase but at an enhanced rate when the 
chemisorption phase of oxygen 1s completed and the surface has monolayer 
coverage. As the oxide level grows the y ie ld  also grows 1n proportion.
The observed decrease In has not been previously reported In
lite ra tu re  and 1t  can be accounted fo r by several qualitative
Interpretations.
I) Effect of work function changes on slow secondary electron emission with 
In it ia l oxygen exposure.
II) Direct reduction in the plasmon loss and e la stic  peak loss current and 
hence reduction 1n the backscatterlng ra tio .
III) As an Indirect reduction In the contribution of decaying surface and 
bulk plasmons to slow secondary electron emission.
Changes 1n the work function 1s expected to Influence the escape 
probability of hot secondary electrons. Experimental data, show l i t t le  or 
no change In * o f A1 with In it ia l oxygen exposure. In the majority of the 
measurements reported In the lite ra tu re  which has been reviewed 1n section
4.2.4 a s ligh t decrease 1s reported (0.05 eV) with the maximum decrease 
being 0.2 eV which occurs after 30 L of oxygen exposure. Assuming that a ll 
other secondary electron contributions to the y ie ld  remain constant th is
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decrease In the work function would lead to an enhancement o f secondary 
electron emission which Is of course opposite to that actua lly  observed.
An estimate o f the probable percentage Increase In the number of slow 
secondary electrons emitted 1n the normal d irection can be made by use of 
equation 5.15 (assuming a value o f *= 4.3 eV and maximum decrease In *o f 
0.2 eV) which gives a percentage Increase of 3 %. Hence changes 1n the 
work function are lik e ly  to oppose the decrease 1n the y ie ld .
Another possible interpretation fo r  the observed in i t ia l  dip in the y ie ld  
could be due to a direct reduction 1n the in tensity of the surface and bulk 
plasmon loss peaks accompanying the e la s tic  peak. This w ill lead to a 
reduction in the backscattering ra t io  and hence tota l y ie ld .
Production o f surface and bulk plasmons depend on the primary excitation 
energy of the exciting electrons, angle of Incidence, nature of the 
surface, angle of emission and type of analyser. For the clean 
polycrystal lin e  surface, at primary energies of 300 eV and normal 
incidence, the Intensity of the surface and bulk plasmons are approximately 
equal. S light exposure of the surface to oxygen, sees a sudden decrease in 
the surface plasmon intensity followed by a drop in the bulk plasmon peak 
in tensity. Conduction electrons which were partic ipating in the plasmon 
o sc illa t io n s , are no longer ava ilab le and are trapped by the adsorbed 
oxygen atoms.
D ig itisa tion  and Integration o f the ELS spectra from lite ra tu re  (see 
Appendix A), recorded as a function of oxygen exposure show a drop 1n the 
mmber o f electrons contributing to the plasmon peaks and th is would 
subtract from the total y ie ld . So far, Pe lle rln  and Le Gressus (1980) seem 
to have been the only workers to have Investigated the evolution of the
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tota l y ie ld  with oxygen exposure o f polycrystal 11 ne Al surface and at the 
same time to have monitored the changes In the ELS, e la s t ic  peak and slow 
secondary EDC at primary electron energies o f 30 < Ep < 400 eV. The 
spectra were recorded 1n the EN(E) mode using a CMA.
Pe lle r ln  and Le Gressus reported no decrease 1n the tota l y ie ld , with 
In it ia l exposure. From measurements of areas under the resolution 
corrected spectra, they showed that the plasmon loss current and the to ta l 
y ie ld  Increased smoothly. The e la s t ic  peak current did not change un til 
a fte r 10-15 L after which It resulted In a sudden increase.
They also reported the following observations: that for Ep < 250 eV the 
e la s t ic  peak current dominated the entire  N(E) curve and provided the major 
contribution to the to ta l y ie ld . For Ep > 250 eV, the slow secondary 
electron current, makes the largest contribution to the tota l y ie ld  fo r a ll 
leve ls o f oxygen exposure.
In reaching the above observations and conclusions, Pe lle rln  and Le Gressus 
did not take Into account the transmission characteristics o f the CMA at 
low k ine tic  energies. In fact they underestimated the contribution o f the 
slow secondary electrons to the to ta l y ie ld , while over estimating that 
from the e la s t ic  peak (see Appendix B). Angle integrated N(E) spectra from 
three grid RFA apparatus show that the contribution to the tota l y ie ld  by 
the slow secondaries 1s dominant even down to primary electron energies of 
70 eV. This has also led them to downplay the plasmon decay contribution 
to the slow secondary electron current.
The th ird  possible Interpretation for the observed decrease In the y ie ld  
with In it ia l oxygen exposure, can be attributed to conduction electrons, 
exhib iting plasmon o sc illa tion s Induced by the primary electrons. Evidence
- 182 - Ch.9
for the role of plasmons 1n the creation of slow secondary electrons was 
produced 1n the review chapter, section 6.2.3. Fine structure observed on 
the slow secondary electron d istribution curve, at 5.5 and 10.5 eV above 
the vacuum leve l, have been attributed to decay of surface and bulk 
plasmons (Tio^  = 10.5 and tiu  ^ = 15.5 eV) Into single pa rt ic le  excitations 
from the conduction and valence bands. Since the valence band structure of 
A1 1s nearly free electron lik e , the shape of the EDC, re fle c ts  that of the 
valence band and the energy position of the fine structure correspond to 
the edge of the Fermi le ve l.
With s ligh t oxygen adsorption, the Intensity of the plasmon loss peaks, 
pa rticu la rly  the surface plasmons are d rastica lly  reduced, which In turn 
w ill lead to a reduction 1n the emission of electrons due to plasmon decay. 
This mechanism 1s expected to be dominant 1n aluminium and other metals 
which have nearly free electron like  band structures and exhibit intense 
plasmon loss coupling with the primary electrons. Theories of SEE, 
reviewed 1n chapter 5, have taken th is Into account, and predict fine 
structure on the EDC, and qualitative estimates indicate a substantial 
contribution to the true y ie ld  and hence the total y ie ld .
9.3.3 Yield at high Oxygen Exposures
With Increasing oxygen exposure levels, the trend In the y ie ld is  upward 
for a ll primary electron energies. This trend occurs at around 25 L and 
corresponds to the beginning of the completion of the oxygen chemisorption 
monolayer and formation of aluminium oxide. The secondary electron 
emission properties of a clean metal surface Is d ra s tica lly  changed by the 
presence of oxygen atoms and subsequent formation of an oxygen layer as 
deduced from AES measurements of chapter 8. It Is an experimentally well 
established fact that Insulators, 1n particular metal oxides have much
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higher total electron y ie lds than do pure metal surfaces. (see section
6. 2. 1)
The basic mechanism of SEE from Insulators Is s im ilar to that from metals 
and It can be understood 1n terms of the modified electronic band structure 
of the metal due to formation of an oxide. Changes 1n the band structure 
are evident from the modification of the ELS peaks and slow secondary EDC. 
Substantial reduction In the bulk plasmon loss peak Intensity Indicate that 
the density o f the electrons 1n the conduction band Is 1n turn reduced and 
the ir presence can be to ta lly  ignored.
Interaction o f the primaries now, 1s with the electrons 1n the to ta lly  
occupied valence band. The escape and transport of the secondaries Is 
governed by the effective potential barrier and since In Insulators the 
Fermi level 1s not absolutely defined, the electron a ff in ity  x 1s used 
Instead. x 1s defined as the energy from the empty conduction band and the 
vacuum level and 1s of the order of several electron volts. Thus secondary 
electrons are able to over come the electron a ff in ity  without s ign ifican t 
loss of energy due to lack of conduction electron interactions. The only 
sign ificant lo ss of energy 1s via co llis io n s  with the la tt ice  atoms (0.1 
eV). This 1s then manifested as an Increase 1n the mean escape depth 
estimated to be 200 A, approximately 5-6 times that for pure metal.
Fully oxidised aluminium surfaces with fa ir ly  thick oxide layers w ill 
exhibit in  the range 2-9 and a vast majority of the secondaries w ill
be contributed by the true y ie ld  6. Since 1n the results of th is  work, 
jX had Increased to 1.15 after 1000 L of oxygen exposure and followed by 
1.25 after 10 000 L, Indicates that the surface oxide layer may not be 
thicker than couple of monolayers and that the substrate s t i l l  influences 
the overall y ie ld  to some extent.
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A summary of the experimental y ie ld  values for the clean and oxygen exposed 
surface from this work and other workers Is presented In Table 9.4.
9.4 Conclusions
In this chapter the results of SEE y ie ld  measurements from clean and oxygen 
exposed polycrystal lin e  surfaces has been presented. For the clean surface 
the tota l maximum y ie ld  o^x, was found to be 1.00 * .02 and this occured 
at a primary energy of 300 ±10 eV.
With s lig h t oxygen exposure < 10 L, a small decrease In o[nax was observed. 
This has been Interpreted as due to a fast decrease In the surface and bulk 
plasmon loss Intensity, leading to a decrease In the plasmon decay 
contribution to the secondary electron y ie ld  and hence to ta l y ie ld . This 
conclusion, supports the more recent theories of SEE where the plasmon 
decay contribution 1s taken Into account.
With Increased oxygen exposure, the to ta l y ie ld Increased for a ll primary 
electron energies, for omax had Increased to 1.25 after 10 000 L, and th is 
corresponded to a primary energy o f 325 eV. The enhanced secondary 
emission was attributed to the formation of a several monolayer thick 
aluminium oxide as determined from the AES results.
In the next chapter, conclusions to the work presented in th is thesis w ill 
be given together with suggestions for further work.
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CHAPTER 10
Conclusions and Recommendations for Future Work
10.1 Conclusions
A summary of the conclusions of the the study of polycrystal line  aluminium 
surfaces are presented below.
1 . Adsorption of oxygen consists of two stages. In the f ir s t  stage a 
chemisorption phase Is formed after ~ 50 L of oxygen exposure. This Is 
followed by the oxidation phase. Saturation coverage was reached after a 
tota l of 150 L of oxygen exposure. The Interaction o f oxygen with the 
surface 1s with an estimated In it ia l sticking coeffic ien t Sg of 0.02.
2. Irrad iation of the 50 L and 1000 L oxygen exposed surfaces with 
electron beam current densities of 10"  ^ - 10-4 A/cm2, resulted 1n 
predominant decomposition of the oxide with subsequent desorption of oxygen 
as deduced from the AES measurements of A1 L23VV (67 eV), A1 L23V0V0 (54 
eV) and 0 KLL (505 eV) transitions. The mechanisms of electron stimulated 
desorption, and decomposition by Coulomb repulsion appeared to play a major 
ro le.
3. The decrease 1n the Al-054 cross-transition AES PPH with electron 
Irrad iation time obeyed a f i r s t  order law and s im ila r ly  with the ra tio  B 
[A1- 054/ (A1- 054+Al67)D. From these, an effective total desorption 
cross-section QT of 5 x 10-20 cm2 has been estimated. For the 100 to 750 L 
exposed surface Qy was found to be 6 x 10-2  ^ and for the 1000 L oxygen 
exposed surface 3 x 10"2® cm2.
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4. From these cross-section values a c r it ic a l dose Dc of 0.02 C/cm2 at a 
beam beam energy of 1.5 keV was estimated to be necessary In order to lim it 
surface damage to less than 10 %.
5. From SEE y ie ld  measurements, the total maximum y ie ld  o ^ ,  for the 
clean po lycrysta lline surface was found to be 1.00 ±.02 at a primary energy 
EpmaX of 300 ±10 eV. The y ie ld  at 100 eV was 0.80 and at 800 eV 0.83.
6. With s ligh t oxygen exposure < 10 L a previously unreported small 
decrease in amax - 3 % was observed. This has been Interpreted as due to a 
fast decrease In the surface and bulk plasmon loss in tens ities, leading to 
a decrease in the plasmon decay contribution to the slow secondary electron 
y ie ld  and hence to the to ta l y ie ld . A s ligh t drop in y ie ld  at other 
primary energies is  also observed.
7. With increasing oxygen exposure > 10 L omax increased for a l l  primary 
electron energies. Low primary energies giving a faster increase in the 
y ie ld  compared with higher energies. The evolution of a^x was very 
s im ilar to the growth in the 0 KLL Auger PPH on the same oxygen exposure 
scale. The increase in o coincides with the completion of the 
chemisorption phase and formation of AI2O3 lik e  oxide as confirmed by AES. 
After 10000 L of oxygen exposure amax increased to 1.25 ±.02 at an Epn)ax of 
325 ±10 eV.
8. Secondary electron emission from oxidised surfaces, is  enhanced due to 
increasing escape depth of secondary electrons in the so lid  as the 
conduction bands become v ir tu a lly  empty of electrons. E ffective escape 
depth is  5 times that for a pure metal surface e.g. - 200 A.
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10.2 Rec— nidations for further work
Further electron beam Irrad iation experiments should be undertaken 1n order 
to reconcile some of the differences between th is work and those of the 
other authors in particu la r that of Fontaine et al (1982). The beam effect 
experiments should be repeated using a variety of oxygen exposed aluminium 
samples for example evaporated thin film s, polycrystal Une sheets, and 
single crystals at electron beam energies of 50 to 10 000 eV and at various 
current densities. Use o f such a wide energy range would help to Identify 
various desorption and adsorption mechanisms. It would also be very useful 
to investigate the response of annealed and non-annealed oxygen exposed 
surfaces to electron Irrad ia tion . The resu lts of such Investigations could 
help to make 1nter-lab comparison of results more meaningful.
In order for the above experiments to be done on the present apparatus 1t 
would be necessary to carry out some modifications. The sample holder 
would have to be re-designed to hold at least 3 samples. There should be a 
capability of d irect re s is t iv e  heating o f the samples via the sample 
manipulator, and with a thermo-couple in good thermal contact with the 
sample to give accurate monitoring of temperature. Presently the sample 
can only be heated via electron beam bombardment with the electrons being 
provided by a projection filament. This method has various disadvantages 
one of the most serious being coating of the Insulating fish  spine beads 
with tungsten and substrate atoms that produce conducting paths between the 
co llector and retarding grids.
In order to Identify the desorption products d irec tly , the quadrupole mass 
spectrometer should be transferred from the STC on to an appropriate port 
on the SAC. Also the effusion source should be transferred on to the SAC 
so that the sample would not have to be shunted backwards and forwards
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between the STC and SAC so many times.
Presently the acquisition of secondary electron spectra with the existing 
electronics Is 1n the dN(E)/dE mode so that Auger features can be 
amplified. The e lectronics should be modified so that N(E) spectra can be 
d irectly  recorded. This could be quite useful 1n determining the 
contribution of each part of the N(E) d istribu tion  to the total y ie ld , 
since the RFA has a near 100 % co llection  effic iency. The v e rs a t ility  of 
the RFA would further be Increased by cutting slots 1n the co llector so 
that angular resolved SEE work can be carried out. The present system 1s 
angle Integrated, 1n that secondary electrons emitted 1n a ll d irections are 
collected.
As a separate project automatic acquisition of data by a minicomputer would 
be very valuable. N(E) spectra can be acquired d irec tly  even without a 
lock-1n-ampl1f1er, and I f  necessary dN(E)/dE spectra produced by numerical 
d ifferentiation  of the N(E) data.
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APPENDIX A
The changes resulting 1n the re la tive  surface and bulk plasmon loss peak 
In tensities as a function of oxygen exposure (0, 1, 10 and 30 L) Is 
I llu stra ted  1n Fig. A. as obtained by Bujor et al (1982) from Al films. 
The ELS spectra were recorded In EN(E) mode with Ep 250 eV.
The above loss spectra have been d ig it ised  using the Ferranti Cetec 
d ig it is e r  1n conjunction with the GEC 4080 mainframe computer. The loss 
spectra were then numerically Integrated within the energy lim its  of 220 
and 250 eV and the background removed by lin ea r subtraction. The re la tive  
contribution of the surface and bulk plasmon loss peaks to the loss current 
as a function of oxygen exposure have been summarised In Table A. The 
areas have been normalised to the plasmon loss peak area corresponding to 
the clean surface.
Table A. also I llu s tra te s  the resu lt o f synthetic peak f it t in g  to the 
surface and bulk plasmon loss peaks using Gausslans. It 1s clear that the 
overall contribution to the plasmon loss current by the surface and bulk 
plasmons diminish quite rapidly.
KINETIC ENERGY (eV)
Fig. A. Evolution of the surface and bulk plasmon loss peaks 
with oxygen exposure (0, 1. 10. 30 L). (from Bujor et al 198?).
Table A. Relative numerical changes 1n the areas o f the surface and
bulk plasmon loss peaks with oxygen exposure. The areas have been 
normalised to the sum of the SP and BP for the 0 L exposed surface. 
( * areas calculated by numerical trapezoidal ru le Integration.
** denotes areas computed by f it t in g  o f synthetic Gausslans.)
Oxygen Total area under* Area under**
exposure
(L)
Surface and Bulk 
plasmons
Surface and Bulk 
plasmons
SP + BP SP BP
0 1.00 0.53 0.47
1 0.92 0.47 0.43
10 0.78 0.36 0.35
30 0.60 0.30 0.27
APPENDIX B
In order to establish the contribution o f various parts of the secondary 
electron d istribu tion  to the tota l y ie ld , It 1s necessary to demonstrate 
how energy analysers d is to rt  the N(E) curve.
At low k ine tic  energies, the CMA due to Its  transmission characteristic
under estimates the Intensity of the slow secondary electron d istribution
curve (EDC). Here EN(E) spectra taken from lite ra tu re  ( Duraud and Le
Gressus 1981) and N(E) spectra (Rudberg 1963) have been d ig itised  and the
areas under the spectra determined by simple trapezoidal rule within the
50
following lim its : the slow secondary electron current <*(* / N(E) dE),
*r-s 0 ¿>*3
plasmon loss current M «  / N( E) dE), and the e la s t ic  peak current y ( «  /
N(E) dE). The overall area under the d istribu tion  e («  / N(E) dE) has been
0
normalised to 1.
F1g. B.(a) I llu s tra te s  an EN(E) spectra recorded using a CMA and F1g. 
B.(b) shows an N(E) SEE d is tribu tion  recorded using a three grid RFA from a 
copper sample. The resu lt o f the Integration is  shown 1n Table B., which 
gives the re la tive  contribution o f a, 6 and y to the overall d istribution 
(normalised to 1.0).
It Is quite c lear from Table B. that the contribution to the overall 
secondary electron emission, by the slow secondary electron current a is  
under estimated by at least a factor o f three.
This 1s a general I llu s tra t io n  only and a proper comparison must take Into 
account the Incident primary energy, angle o f Incidence ature o f the 
sample, angle of e x it of electrons, analyser acceptance angle, and analyser 
resolution. The CMA because o f Its transmission characteristic suppresses
F ig . B .(a). EN(E) d istribution  o f  secondary electrons from a 
clean po lycrysta llin e  aluminium sample recorded with a CMA
and at an E£ .  260 eV (Duraud et al 1981).
(b) N(E) d istrib u tion  of secondary electrons from a clean 
polvcrvstal 1 Ine copper sample using a 3-grid RFA at an E  ^ of 
160 eV. (Rudberq 1%3 ).
the slow secondary electrons.
Table B. Relative contributions o f a. sand y to the SEE 
d is tr ibu tion  as recorded by a CMA and three-grid RFA. The tota l 
area has been normalised to 1.0.
a
0
T
CMA
0.23
0.17
0.10
3-grid RFA 
0.61 
0.08 
0.09
3 1.00 1.00
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